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Abstract 
 
Bio-composite hierarchical materials have attracted the interest of the academic 
community operating in the field of bio-inspired materials for their outstanding 
mechanical properties achieved via lightweight structural designs. Antler and 
mantis shrimp’s cuticle are extreme examples of materials naturally optimised to 
resist impacts and bear dynamic loading. Firstly, a class of finite-element fibril 
models was developed to explain the origin of heterogeneous fibrillar 
deformation and hysteresis from the nanostructure of antler. Results were 
compared to synchrotron X-ray data and demonstrated that the key structural 
motif enabling a match to experimental data is an axially staggered 
arrangement of stiff mineralised collagen fibrils coupled with weak, damageable 
interfibrillar interfaces. Secondly, the cuticle of the crustacean Odontodactylus 
scyllarus, known as peacock mantis shrimp, was investigated. At the nanoscale 
it consists of mineralised chitin fibres and calcified protein matrix, which form 
plywood layers at the microscale. Lamination theory was used to calculate 
fibrillar deformation and reorientation and, in addition, an analytical formulation 
was used to decouple in-plane fibre reorientation from diffraction intensity 
changes induced by 3D lamellae tilting. This animal also attracted my attention 
for using its hammer-like appendages to attack and destroy the shells of prey 
with a sequence of two strikes. Inspired by this double impact strategy, I 
performed a set of parametric finite-element simulations of single, double and 
triple mechanical hits, to compute the damage energy of the target. My results 
reveal that the crustacean attack strategy has the most damaging effect among 
the double impact cases, and lead me to hypothesise, that optimal damaging 
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dynamics exists, depending on the sequence of consecutive impacts and on 
their time separation values. These new insights may provide useful indications 
for the design of bio-inspired materials for high load-bearing applications. 
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1 Motivation 
 
During the last decades, material scientists and engineers tried to satisfy the 
increasing demand for tough, lightweight and impact resistant materials in 
aerospace, defence and, more in general, structural engineering by mimicking 
Nature. Bio-materials feature a set of types of behaviour such as 
multifunctionality, hierarchical organization, self-assembly and self-healing 
(Bosia, Abdalrahman et al. 2014) (Bosia, Abdalrahman et al. 2012) that justify 
the interest of researchers. Most biological materials, such as bone, arthropod 
cuticle (the exoskeleton of crustaceans) or tendons are complex composites 
that evolved into a range of hierarchical organizations whose design is of 
remarkable inspiration (Meyers, Chen et al. 2008). Their process of evolution 
lasted thousands of years and resulted in optimised materials made of basic 
building blocks such as proteins and brittle minerals that ‘build’ the final design 
thanks to a self-organization strategy during growth (Meyers, Chen et al. 2008). 
The mechanical properties of such bio-composites are often outstanding if 
compared to the weak basic constituents, due to a functional adaptation at all 
levels of hierarchy and length scales (Ji and Gao 2004, Fratzl and Weinkamer 
2007). In fact, in these materials high toughness, strength and stiffness are 
often obtained thanks to a combination of structural designs and mechanisms of 
deformation occurring at each hierarchical level (Bouligand 1972, Launey, 
Buehler et al. 2010). These structural principles have spurred materials 
scientists to investigate biological systems and elucidate the principles behind 
these exceptional mechanical properties. In fact, a new area of research, known 
as bio-mimetic or bio-inspired materials science recently developed with the aim 
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of creating synthetic bio-inspired materials (Ji and Gao 2004, Meyers, Chen et 
al. 2008, Zimmermann, Gludovatz et al. 2013).  
 
Although experimental and numerical methods have been employed focusing 
on these structural designs (Libonati, Gu et al. 2016), the high toughness and 
work to fracture of these bio-composites at the molecular, nano- and micro 
scales are not completely explored. For this reason, in this thesis I investigate 
the mechanical properties of two outstanding biological composites: the antler 
and the stomatopod cuticle which have shown a superior capability to resist 
dynamic and impact loads (Figure 1.1). My overall hypothesis in this thesis is 
that the structural organization and the mechanisms of deformation and energy 
dissipation are crucial for the impact resistance of these two bio-composites 
and, in this regard, the aim is to analyse and determine the structural factors 
enabling these mechanisms at different scales.   
 
 
Figure 1.1 – Image of a) mantis shrimp (or stomatopod) and of b) deer’s 
antler.  
 
The mantis shrimp (stomatopod) is a ferocious predator of the Indian and 
Pacific oceans, whose smashing or spearing appendages and the telson (the 
rear part of the cuticle that the animal uses as a shield for defence), exhibit 
outstanding impact tolerance during preying (Patek and Caldwell 2005, Weaver, 
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Milliron et al. 2012) and during fights for defending the burrows (Taylor and 
Patek 2010). This animal uses its limbs to strike molluscs and it is able to 
destroy (without self-damaging) their shells which contain high toughness nacre 
material. Therefore, I could deduce that the cuticle outperforms the already high 
impact-resistance of the well-studied and analysed abalone nacre (Sun and 
Bhushan 2012). Hence, the stomatopod cuticle is an ideal biological model for 
the study of the factors determining the resistance of multiscale composites 
against dynamic loading.  
 
Deer are ruminant mammals forming the family of Cervidae. Males of the most 
families of cervids use their antlers during the rutting season in the dominance 
battles for access to females (Clutton-Brock 1988). These fights usually are 
made of an initial clashing of the antlers, followed by a pushing match (Clutton-
Brock, Albon et al. 1979). These very violent battles often result in severe injury 
and even death of one of the contender although antlers themselves display 
scarce signs of damage (Currey, Landete-Castillejos et al. 2009). This 
remarkable damage tolerance inspired scientists and justified the considerable 
effort and interest in analysing the structure of these hierarchical materials. 
 
A key characteristic of the high energy absorption of antler that attracted my 
attention is the large hysteresis during cyclic loading whose origin was 
unknown. In situ synchrotron X-ray diffraction tests during tensile loading of 
antler showed heterogeneous fibrillar deformation and hysteresis (Gupta, 
Krauss et al. 2013). To explain the origin of these mechanisms from the 
nanostructure of antler, in Chapter 4 I develop a class of finite element fibril 
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models whose predictions are compared to experimental data across a range of 
potential composite architectures. 
 
Stomatopod cuticle is the second biological system that inspired this project and 
at the nanoscale consists of mineralised chitin fibres and calcified protein matrix 
forming (at the microscale) plywood structures (Bouligand 1972). In Chapter 5 I 
investigated the anisotropic deformation patterns inside Bouligand lamellae, 
accompanied by load-induced fibre reorientation. In detail, the lamination theory 
was used to calculate in-plane fibre deformation and reorientation. This method, 
combined with synchrotron X-ray experimental data enabled the separation of 
deformation dynamics at multiple hierarchical levels, a critical consideration in 
the cooperative mechanics characteristic of biological and bio-inspired 
materials.  
 
Biological systems also offer multiple examples of exceptional dynamic 
behaviour for predation that are a proof of an evolutionary adaption in the 
animal kingdom (Parker and Smith 1990). In fact, invertebrates such as ants 
and crustaceans underwent a process of evolution involving their hunting 
strategy but also the shape and the morphology of their appendages (Murphy 
and Patek 2012). As a result, these animals are able to attack their prey with 
extremely rapid strikes by using their appendages. For instance, the ant 
Odontomachus bauri, during predatory strikes is able to close its mandibles at 
speeds ranging from 36 to 64 m/s and accelerations on the order of 105 g. 
Similarly, the crustacean Odontodactylus scyllarus, known as peacock mantis 
shrimp, is a tremendous predator that uses its limbs to attack and hit the shells 
of preys with a ‘two-strikes strategy’ reaching speeds of the order of 20 m/s and 
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acceleration of 105 g. Specifically, the first strong strike of about 480 N triggers 
a cavitation bubble in the seawater which provokes a successive hit (about 
twice weaker than the first one and with a time delay of 0.5 ms) on the prey 
upon collapsing (Patek and Caldwell 2005). Inspired by this double impact 
strategy, in Chapter 6 I present a set of parametric finite-element simulations of 
single, double and triple mechanical hits, using spherical projectiles and flat 
aluminium targets, to compute the damage energy of the target. Several 
sequences of impacts, different diameters (3, 4 and 6 mm) of the projectile and 
various time separation values between consecutive impacts (in the range 0.0 - 
0.8 ms), were tested, by keeping the kinetic energy value of the projectile fixed, 
to check the effects of splitting this amount of energy over multiple hits. 
 
Both analytical and numerical approaches have been used to develop these 
projects. In fact, when problems where relatively simple to solve I approached 
them with an analytical formulation (Chapter 5) based on specific hypotheses 
and equations that were solved using the software Matlab. In other cases the 
complexity of the calculations and of the analysed problems (Chapters 4-6) led 
us to perform  simulations using the software Abaqus whose algorithms are 
based on the Finite Element Method (FEM), a numerical method that is usually 
employed for simulating complex engineering and mathematical problems 
(Zienkiewicz, Taylor et al. 1977).  
 
A schematic summary of the objectives of this thesis is provided below. 
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Objectives: 
 Investigate the mechanisms responsible for hysteresis and heterogeneity 
at the fibrillar level in antler. 
 Find a formulation to compute fibre deformation and reorientation in 
arthropod cuticle. 
 Investigate the dynamics of the mantis shrimp’s attacks and find 
evidence of strategies for inflicting maximum amount of damage. 
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2 Hierarchical structure and mechanics in biological 
materials:  arthropod cuticle and antler 
 
The reasons behind the decision of investigating the mechanism of deformation 
and energy dissipation of the arthropod cuticle and bone are explained in 
Chapter 1. In this chapter I provide an overview of the hierarchical structure of 
these two bio-materials. 
 
2.1 Arthropod cuticle 
Arthropods are invertebrate animals having an exoskeleton, jointed appendages 
and segmented body (Neville 2012). They are classified in five orders (Manton 
1977):  
1. Crustaceans, such as lobsters, crabs, crayfishes and shrimps with 
coupled appendages  
2. Trilobites, a group of marine animals that are  nowadays extinct 
3. Chelicerates, such as horseshoe crabs, spiders and scorpions with 
appendages placed in front or above their mouth 
4. Myriapods, including millipedes and centipedes with several body 
segments and paired legs 
5. Haxapods, which are mainly insects with the body divided into an 
anterior head and posterior abdomen. 
These animals appeared on the Earth during the Cambrian period (about 500 
millions of years ago) and naturally evolved in the species that nowadays we 
observe. The success of their evolution can be attributed to their ability to adapt 
and to their exoskeleton, a natural armour optimised to resist impacts and 
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protect the internal organs (García-Bellido and Collins 2004). Made of 
polysaccharide chitin, proteins and inorganic constituents (Cutler 1980, 
GREENAWAY 1985), the arthropod cuticle (exoskeleton) evolved  into a 
multiscale structure at different length scale exhibiting impressive mechanical 
properties. The main constituent, chitin (C8H13O5N)n, is a long chain-
polysaccharide and exists in different molecular forms. One of these forms is 
the α-chitin (Van de Velde and Kiekens 2004) that combined with a tough 
protein matrix, a stiff mineral phase and a variable level of water, confers to the 
nanostructure both toughness and stiffness (Roer and Dillaman 1984).  The 
form α-chitin (Figure 2.1) is made of tightly antiparallel chains (a chain in one 
direction alternates with another in the opposite direction) arranged in a 
crystalline orthorhombic form. Other forms of chitin are: β-chitin that is less 
crystalline than the type α and is built in monoclinic unit cells with parallel chains 
and γ-chitin where two parallel chains alternate with one antiparallel chain  
(Ruiz-Herrera 1991).  
 
Figure 2.1 - Structure of chitin and example of cubic, orthorhombic and 
monoclinic unit crystals (Dutta 2015, Zhang 2016). 
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The Young’s modulus of different types of cuticle ranges between 1 KPa and 50 
MPa for soft cuticle (cuticle is soft is when containing equal weight fractions of 
chitin and protein, and from 40 to 75% water while it is stiff when containing 
from 15 to 30% weight fraction of chitin and only 12% of water (Vincent and 
Wegst 2004), can be in the order of MPa for the elastomeric cuticle of the larva, 
but it is able to reach up to 20 GPa in the dry cuticle of locusts’ wings and tibiae 
(Vincent and Wegst 2004). This huge variability in the mechanical properties of 
cuticle is one of the reasons that has enhanced the interest of many materials 
scientists who are trying to explain how it is possible to obtain different 
mechanical properties using the same basic constituents with the final aim to 
replicate the biological behaviour (bio-mimetics is the science of imitating 
Nature) and create novel materials for engineering applications (Barthelat 2007, 
Fratzl and Weinkamer 2007).  
 
The crustacean cuticle differs from other types of cuticle as it undergoes the 
process of calcification (Roer and Dillaman 1984, Nikolov, Petrov et al. 2010) 
that increases the stiffness up to 100 GPa without reducing the levels of 
structural toughness (typically cuticle toughness varies in the range 0.2 – 2 
KJ/m2) (Vincent and Wegst 2004, Luquet 2012) (Figure 2.2).  
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Figure 2.2 – Material chart plotting toughness versus Young’s modulus for 
several natural materials (Vincent and Wegst 2004). 
 
Crustaceans are a subphylum of arthropods which includes lobsters, shrimps, 
crabs and barnacles.  These animals have a rigid exoskeleton, made of a 
layered cuticle (Figure 2.3) (membrane layer, endocuticle, exocuticle and 
epicuticle) with the function of protection against competitors and the 
environment, desiccation, and of support for muscle attachment. The overall 
mechanical properties of cuticle are outstanding compared with the basic 
constituents. In fact, while the strength of the mineral and protein phase 
reaches, respectively, values of 20 and 30 MPa, at macro-scale values up to 10 
times higher are experimentally measured (Ji and Gao 2004). 
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The reasons of this impressive increase in the mechanical properties lie in the 
hierarchical structure of this material (Figure 2.3). In details, natural structural 
materials exhibit mechanical properties through complex hierarchical 
architectures and load-absorbing mechanisms occurring at each length level.  
This hierarchical design recurs in Nature in the forms of other hard tissues like 
wood, bone and shells (Fratzl and Weinkamer 2007). Understanding the 
composition of these structures and explaining the mechanisms determining, at 
each length scale, the mechanical properties of these bio-composites is one of 
the main challenges for researchers in the field of bio-mimetic and bio-inspired 
materials (Vincent and Wegst 2004).  
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Figure 2.3 - Hierarchical structure in arthropod cuticle. The first hierarchical 
level consists of the polysaccharide molecules forming the α-chitin chains (I). At 
a higher hierarchical level (II), these chains, embedded in proteins, build the 
chitin nanofibrils which are assembled within a protein matrix to create the fibres 
(III). These fibres are arranged in planes which are stacked following a 
helicoidal pattern (V). At the highest level of hierarchy, all the sub-levels are 
incorporate in the endo and exocuticle layers (VI). 
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Characteristic of crustacean cuticle is the capability to achieve very high 
toughness and impact resistance (Dunlop and Fratzl 2010, Grunenfelder, 
Suksangpanya et al. 2014), which are properties needed as the cuticle is the 
functional barrier to the external environment experienced by such crustaceans. 
In addition, mineralised cuticle uses a smart honeycomb-like design to transport 
nutrients in the tissue: a network of pore canals (in the shape of ellipses with 
major and minor axes respectively of ≈400 nm and ≈200 nm) (Figure 2.4V*) are 
organised perpendicularly to a set of fibres (I will call them out-of-plane fibres in 
Chapter 5) which transport the nutrients (Raabe, Al-Sawalmih et al. 2007). 
Finally, crustacean cuticle also renovates with moulting cycles achieved over 
weeks (Welinder 1975). 
 
In the following paragraphs a description and analysis of the structure, material 
properties and the mechanisms arising at each hierarchical level in crustacean 
cuticle is provided. 
 
2.1.1 Overview of the hierarchical structure in crustacean cuticle 
Biological structures adapt, change function during growth, renew their material 
and build hierarchies (Meyers, Chen et al. 2008). The macroscopic behaviour of 
these materials depends on the interaction between structural properties at 
different scales (Buehler 2007). At the molecular level, in crustacean cuticle, 
acetylglucosamine molecules polymerise forming chains of chitin. At the higher 
hierarchical level, chitin molecules are assembled to form crystalline α-chitin 
nanofibrils with a diameter of the order 1 -10 nm (Figure 2.3II). Each nanofibril 
is then embedded in proteins, constituting a chitin-protein fibre (Figure 2.3III) 
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with a diameter of about 20 nm (Nikolov, Fabritius et al. 2011). Combined with a 
mineral-protein matrix, these nano-fibres are arranged into horizontal fibre 
planes (≈10 nm thick) forming a lamellar structure (≈10 μm thick). In details, 
these planes lay upon each other and gradually rotated along the axis normal to 
the surface of the planes forming the lamellar structure (Figure 2.3IV). These 
types of ‘quasi-continuously’ orientated structures are also known as plywood or 
Bouligand (Bouligand 1972, Meyers, Lin et al. 2006) structures, and are 
similarly found in other tissues like bone, but with different features. Specifically, 
the orientation of the lamellae in bone follows a ‘discrete’ distribution rather than 
a quasi-continuous one as in cuticle (Weiner and Wagner 1998). In the cuticle 
lamellae, the continuous arrangement of fibres is interrupted by a system of 
pore canals that allow the transport of minerals after moulting (the process of 
renewing the crustaceans’ old exoskeleton with a new one). As result, the tissue 
takes the form of a honeycomb-like structure (Figure 2.4V*), a term which was 
first used by D. Raabe and coworkers (Raabe, Al-Sawalmih et al. 2007). 
 
47 
 
 
Figure 2.4 - Hierarchical structure of the arthropod cuticle. The first 
hierarchical level consists of the acetyl-glucosamine molecules (I) forming α-
chitin chains. (II) At a higher hierarchical level, these chains, embedded in 
proteins, build the chitin nanofibrils (III) which are assembled within a protein 
matrix to create the fibres. For the lobster Homarus americanus level IV is not 
present. In fact, the fibre planes are made of protein-wrapped nanofibrils which 
are arranged to form a pore canal system giving as result a honeycomb-like 
structure. Fibres are arranged in planes (V) which are stacked following a 
twisted pattern (VI). At the highest level of hierarchy, all the sub-levels are 
incorporate in the endo and exocuticle layers (VII) (Nikolov, Fabritius et al. 
2011). 
 
Through the process of evolution, crustaceans developed specialised structural 
features for each single part or appendage of the exoskeleton, which have 
different functional requirements. For instance, in the mantis shrimp (Figure 
2.5) while the abdominal part (tergite) is curved and quite regular, the tail, used 
by the animal for defence and known also as telson, features a more complex 
3D wavy shape, probably optimised for impact resistance and hence for 
absorbing energy and resisting penetration of the impactor (Taylor and Patek 
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2010). The specialization of cuticle to different shapes and functions is related 
to a multitude of factors, including the level of mineralization, fibre orientation, 
and cross-linking of the tissues, and provides a rich functional range of 
structures of interest to researcher in the fields of bio-inspired materials and bio-
mimetics. In general, however, the external layer of crustacean’s cuticle 
(exocuticle) naturally evolved to resist against impacts and wear, hence these 
part is usually more calcified. The inner region, the endocuticle, instead, is 
made of less stable minerals, such as ACC (amorphous calcium carbonate) and 
amorphous calcium phosphate (ACP). 
 
Figure 2.5 - Micro-CT images of the abdominal tergite (upper row) and the 
telson (lower row) parts of the cuticle of the mantis shrimp. In both the 2D 
section and 3D shape, the telson (lower part of figure) exhibits a more complex 
wavy geometry if compared to the tergite (upper part of figure) (Taylor and 
Patek 2010). 
 
Further details about the material properties of the hierarchical crustaceans’ 
cuticle will be provided in the following sections. 
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2.1.1.1 Molecular level 
At the molecular level, cuticle consists of chitin, a relatively poorly characterised 
protein phase, and mineral (mostly but not exclusively calcium carbonate). The 
percentage of these three constituents varies between different species within a 
wide of each component: chitin 10 – 20%, protein 13 – 50%, and mineral 15 – 
70% (Díaz‐Rojas, Argüelles‐Monal et al. 2006).  
Chitin is one of the most common natural polymers on the Earth, and is a 
common constituent in the cell walls of fungi and arthropod exoskeletons. It is 
used for medical, industrial and commercial applications and is present in 
Nature as crystalline microfibrils that are a few nanometres thick. Specifically, 
chitin accelerates the skin healing process and can be used to produce 100% 
bio-degradable plastic but also to prepare food and cosmetic products for its 
antioxidant and antimicrobial properties (Fernandez and Ingber 2014, Hamed, 
Özogul et al. 2016). In addition, due to its abundance, the chitin based materials 
are also cheap which makes them competitive on the industrial markets.  
Chitin molecules are linear polysaccharide of β-1,4-linked N- acetylglucosamine 
residues (Figure 2.4). They are very similar to cellulose. Specifically, the only 
difference with cellulose consists of a hydroxyl group that is substituted by an 
acetyl amine group in chitin (Younes and Rinaudo 2015). Different packing and 
arrangements of the molecular chains of the crystal cell determine the form of 
chitin: α, β and γ (as shown in Figure 2.1). Different experimental techniques 
exist to determine the molecular structure of chitin, such as X-ray diffraction, 
Infra-red (IR) spectroscopy and Carbon-13 nuclear magnetic resonance (13C-
NMR) (Van de Velde and Kiekens 2004, Al‐Sawalmih, Li et al. 2008, Younes 
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and Rinaudo 2015). X-ray diffraction can be used to understand the crystalline 
structure of chitin, and can potentially (when combined with a microfocus beam) 
resolve gradients in this structure across chitinous tissues (Yamaguchi, Itoh et 
al. 2003). The IR spectroscopy and 13C-nuclear magnetic resonance (NMR) 
methods resolve molecular groups and conformation, and are hence suited to 
observe the difference between polymorphic forms of chitin (Focher, Naggi et 
al. 1992).  
A recurrent motif in bio-mineralised tissues is the presence at the nanoscale of 
two phases, organic and inorganic (Fratzl and Weinkamer 2007), forming a 
composite material with increased mechanical properties if compared to the 
initial phases (Ji and Gao 2004).  Both protein and mineral (organic and 
inorganic, respectively) phases occur in cuticle. Calcium carbonate (CaCO3) 
represents the primary mineral phase in the matrix of crustacean cuticle and in 
general of aquatic organisms such as the abalone nacre (Lin, Chen et al. 2008). 
Other forms of mineral in crustacean cuticle are calcium phosphate (Ca3O8P2), 
calcium sulphate (CaSO4) hydroxyapatite (Ca10(PO4)6(OH)2) and fluoroapatite 
(Ca5(PO4)3F) (Vincent and Wegst 2004, Nikolov, Fabritius et al. 2011). The 
amount, crystallinity, nanostructure and the spatial arrangement of these bio-
minerals influence the material properties of cuticle and is also adapted to the 
natural function of cuticle. Specifically, it is known that stiffness of the macro-
structure increases with increasing mineralization (as the mineral reinforces the 
ductile organic phase), but defining and developing constitutive models to 
elucidate the structural function of minerals is a hard task. In fact, to the best of 
my knowledge, it is only for the much more widely studied hard tissue of bone 
that a first multiscale approach using a combination of models, mechanical 
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measurements and imaging techniques like micro computed tomography is 
available (Wagner, Lindsey et al. 2011). Functional and species variation exists: 
when cuticle has a function of armour against intensive predatory attacks, like 
crabs, the tissue is stiff and highly mineralised, while for animals using fast 
movements to prey and escape from enemy (lobsters and shrimps, for 
example) the tissue evolved into a lighter and less mineralised cuticle 
(Boßelmann, Romano et al. 2007).  
 
2.1.1.2 Chitin nanofibrils and fibres 
The molecular chains, embedded in proteins, are self-assembled into chitin 
nanofibrils which are clustered together, and, in turn, assembled within a matrix 
(made of proteins and minerals) to create chitin fibres (with a diameter ranging 
between 20 and 100 nm). Two sets of chitin fibres have been identified within 
the crustacean cuticle. Most of them (in-plane fibres) appear aligned to the 
cuticle surface of arthropods while the second set (out-of-plane fibres) extends 
through the pore canals perpendicularly to the cuticle surface of crustaceans 
(Figure 2.6) (Fabritius, Sachs et al. 2009).  
 
Figure 2.6 - Microstructure of the lobster cuticle. a) Twisted plywood 
structure and pore canal system made of flexible fibres. b) High magnification 
image shows the pore canals and the out-of-plane fibres. c) Rotating planes of 
parallel fibres in the twisted plywood structure (Fabritius, Sachs et al. 2009). 
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The out-of-plane fibres transport the material for the moulting stage of cuticle 
(Fabritius, Sachs et al. 2009). Although measurements of the ‘transverse’ 
stiffness (transverse is the direction of the out of plane fibres) are available in 
literature for the lobster Homarus americanus (Fabritius, Sachs et al. 2009), it 
may be of interest to understand which are the specific role and function that 
these fibres fulfil with regard to the mechanical properties of the material. The 
crystalline units in chitin are aligned to the topological texture of chitin fibres (the 
c-axis of chitin cell is aligned to the longitudinal axis of fibre). This aspect is of 
fundamental importance for researchers as it allows the estimation of the fibre 
direction from the experimental measurements (e.g. with X-ray diffraction 
techniques) of the orientation of crystals (Raabe, Al-Sawalmih et al. 2007).    
 
2.1.1.3 Lamellar structure 
Chitin-protein fibres are arranged in single parallel planes (with a thickness of 
20-100 nm) which are stacked upon each other forming a gradually twisted 
rotated structure (Figure 2.3V). This particular lamellar arrangement leads to 
high stiffness in all the directions in-plane (transversely isotropic), which has 
implications for the impact resistance and toughness of the structure. In fact, 
through experimental and numerical analyses inspired by arthropod cuticle, it 
has been demonstrated that the helicoidal structure reduces the damage 
propagation through the thickness of the whole structure during impact events 
and increases the structural toughness and residual strength (Grunenfelder, 
Suksangpanya et al. 2014). In general, in biological fibre composites, when a 
crack starts propagating a fracture pattern arises following the path of least 
resistance, which means generally propagating through the softer matrix rather 
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than severing the high tensile strength fibres. For this reason, in a helicoidal 
arrangement of mineralised chitin fibres, cracks continuously deviate from the 
original path during their propagation, resulting in a large increase of the surface 
area in the crack propagation direction and in an amplification of the total 
energy dissipated during impacts, as proved for engineering composites 
(Grunenfelder, Suksangpanya et al. 2014). It is noted that the analogy may not 
be exact for cuticle, as the stiffness of the mineralised matrix has been 
estimated (from modelling) to not be that different from cuticle fibrils (Nikolov, 
Petrov et al. 2010). Another important phenomenon occurring in Bouligand-type 
structures is the reorientation of lamellae in response to the applied loads, but 
while intuitively clear on physical grounds, such a phenomenon has been far 
less studied compared to crack propagation in bio-composites. A recent study 
investigated the mechanical behaviour of an armoured fish (arapaima gigas) 
scale (Yang, Sherman et al. 2014) which shows an irregular Bouligand structure 
with angles between consecutive lamellae of: 86.7°, -34.5°, -69.2°, and 66.9°. 
The authors found that a set of these lamellae reorient towards the tensile axis 
and deform in tension while another set of them compresses and reorients 
toward the opposite direction (Yang, Sherman et al. 2014). I note here that an 
analytical model to investigate lamellar reorientation and deformation is a part of 
the current thesis, and will be provided in Chapter 5. 
 
2.1.1.4 Mesoscale structure 
With the term mesoscale the tissue hierarchical level is indicated. The entire 
cuticle is made of three layers: endocuticle, exocuticle, and an outer thinner 
layer, the epicuticle (Figure 2.3VI). The external layer, the epicuticle, is ≈1 - 5 
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μm thick and serves as a mineralised barrier to the outside world (Kuballa, 
Merritt et al. 2007). It is made of minerals (spherulitic calcite) and a lipid-protein 
matrix (Roer and Dillaman 1984). The exo- and endocuticle exhibit significant 
structural and morphological differences. In the exocuticle layer (≈200 - 300 μm 
thick) there are helicoidally distributed sheets and the chitin–protein fibres are 
well visible (Nikolov, Petrov et al. 2010). The exocuticle is usually calcified, with 
an irregular distribution of minerals (specifically calcium carbonate, calcium 
phosphate, fluoropatite and calcium sulphate (Amini, Tadayon et al. 2015)), 
constituting about one-third of the entire cuticle. Here, three different sites for 
mineral deposition exist: within pore canals, between fibres and within fibrils. 
The endocuticle is the main and thickest layer (≈250 μm – 2.5 mm thick) of the 
whole tissue (50% of the entire cuticle). It consists of layered lamellae which are 
aligned in planes parallel to the surface of exoskeleton. Within the endocuticle 
the mineral content decreases (mostly amorphous calcium carbonate) and the 
size of the pore canals increases (Sachs, Fabritius et al. 2006) as well as the 
pitch of rotation of lamellar planes (from ≈10 μm in the exocuticle to ≈30 μm in 
the endocuticle). In addition, the chitin–protein fibres are less disseminated as 
compared to the exocuticle (Nikolov, Petrov et al. 2010). The membrane layer, 
under the endocuticle, instead is non-calcified (Nagasawa 2012) and it is made 
only of chitin and proteins. I remark that the thickness and structure of cuticle in 
the dactyl (ending part of the appendage that the Odontodactylus scyllarus 
employs as a hammer to attack and destroy the shells of prey(Weaver, Milliron 
et al. 2012)) is different (Figure 2.7). Specifically, three regions can be 
distinguished: the impact region (≈50 - 70 μm thick), the periodic region (≈2 mm 
thick), and the lateral striated region (≈0.5 mm thick). In the impact region there 
is a particular form of Bouligand structure where the in- and out of plane fibres 
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are compressed taking a sinusoidal shape (Figure 2.7F). This waviness 
gradually decreases in the periodic region ending with a ‘smooth’ lamination 
(traditional helicoidal Bouligand structure) (Kisailus and Zavattieri 2015). In the 
striated regions, instead, unidirectional fibres extend along the circumference of 
the dactyl (Kisailus and Zavattieri 2015). Also the mineral content changes in 
the dactyl region: most of minerals in the impact region are in the form of 
crystalline hydroxyapatite while the periodic and striated regions are made of 
amorphous calcium phosphate and calcium carbonate. 
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Figure 2.7 - Structure of the stomatopod dactyl club. A) – B) Mantis shrimp 
body. The arrow indicates the dactyl club. C) Scanning electron micrograph of 
the club’s external surface and (D) a micro-computed tomographic longitudinal 
section of the animal (D indicates the dactyl and P the propodus). E) Cross-
sectional schematic of the club showing three distinct structural regions: (i) The 
impact zone (blue), (ii) the periodic zone (red and yellow) and (iii) the striated 
zone. The periodic region of the propodus is shown in orange. F) Optical 
micrographs showing the three detected zones (Weaver, Milliron et al. 2012). 
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2.1.2 Mechanics of cuticle 
Crustaceans have a hard exoskeleton which provides a framework for muscle 
attachment and protects their soft body from enemies and various kinds of 
diseases (Nagasawa 2012). This sophisticated level of protection may be 
achieved thanks to different mechanisms of deformation and energy dissipation 
at each hierarchical level. For this reason, it is necessary to consider all the 
structure-property relations at all length scales to comprehend the macroscopic 
mechanical properties of cuticle. 
 
2.1.2.1 Nanoscale mechanics 
The knowledge of cuticular mechanical properties at the nanoscale is provided 
by modelling and molecular dynamic simulations methods, whilst still little is 
known from the experimental point of view (Nikolov, Petrov et al. 2010). At the 
molecular level, the elastic modulus of the crystalline region in the direction 
parallel to the chain axis is a parameter of interest. This value depends on the 
molecular system of bonds in the crystalline structure. X-ray diffraction is an 
experimental technique mainly used to measure the Young’s modulus of chitin 
along the main chain axis. Because chitin nanofibres within cuticle usually have 
a complex 3D structure with different strains and stresses in different 
orientations, the few measures I have located in the scientific literature were 
made on particular cuticles exhibiting simple parallel chitin fibril orientation. 
Specifically, a first value of the Young’s modulus of chitin was estimated from X-
ray diffraction tests by Nishino and co-workers (Nishino, Matsui et al. 1999) in 
1999 reporting a value of 41 GPa. Later, Ogawa and co-workers (Ogawa, 
Kimura et al. 2010) measured a higher value (59.3 GPa) from a X-ray diffraction 
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test on a crab tendon with parallel chitin fibrils (which have been treated to 
remove the protein content). A specific issue concerning these experiments at 
the molecular length scale is the level of reliability of the measured moduli 
previously reported. In fact, these values were either acquired from biological 
tissue, with no certainty of the purity of chitin fibrils and of the structural integrity 
of the molecules, or tested in situ but imposing the restriction of a single fibre 
orientation inside the tissues. Ideally, one would prefer to measure the 
molecular stresses and strains in the complex three-dimensional design of 
cuticle-based tissues in the same place where the deformation or fracture is 
occurring, without isolating the chitin fibrils from other components at the 
molecular level, or structural elements at higher hierarchical levels. 
 
The mechanical properties of cuticle are also determined by the organic phase 
(proteins). Specifically, proteins are fundamental for their role of binding with the 
crystalline region in nanofibrils and with chitin fibrils in fibres. Modelling and 
experimental approaches have estimated the elastic modulus and Poisson’s 
ratio of proteins in nanofibrils within the fibres in lobster cuticle (see Section 
3.1) as 56 MPa and 0.28, whereas (at one scale above) the elastic modulus and 
Poisson’s ratio of the protein within the mineral protein matrix which surrounds 
the chitin fibres are considered to be 570 MPa and 0.28 (Nikolov, Fabritius et al. 
2015). However, these estimates arise from comparing a limited set of 
macroscopic mechanical data with the outcome from developed multiscale 
models through homogenization methods (Nikolov, Fabritius et al. 2011, 
Nikolov, Fabritius et al. 2015), and are consequently not as reliable as direct 
measurements. Several experimental and modelling methods have been 
developed to characterise the material at each length scale (Nikolov, Petrov et 
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al. 2010, Amini, Masic et al. 2014) (Raabe, Al-Sawalmih et al. 2007). A detailed 
analysis of the main mechanical properties of typical arthropod tissue from the 
nano to the macroscale will be provided in the following sections. 
 
2.1.2.2 Microscopic mechanics 
Of particular interest is the cuticle of the dactyl club, the end part of the mantis 
shrimp’s appendages, which displays a set of characteristics to resist failure 
during repetitive high-energy loading events. At the microscopic level, 
nanoindentation tests (local ~micron-scale measures of elastic and plastic 
properties (Amini, Tadayon et al. 2015), combined with post-indentation high-
magnification field-emission scanning electron microscopy (FESEM) 
observations, were used to induce local surface deformation and to measure 
gradients and anisotropy in the hardness and the elastic properties of arthropod 
dactyl cuticles (Amini, Tadayon et al. 2015). Specifically, a high resolution multi-
sectional modulus and hardness maps of the inner (periodic region) and outer 
(impact region) layers of the dactyl clubs combined with a measure of the 
elastic modulus and hardness from the load-displacement curves were 
obtained64 (results are shown in Figure 2.8). 
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Figure 2.8 – Results from nanoindentation tests on the dactyl club of the 
mantis shrimp. a) The analysed regions of the cross-section of the club are 
indicated using different colours. b) Partial loading–unloading curves collected 
from indentation tests in dry and hydrated conditions. The water content in 
hydrated conditions is 4–5wt % in the outer layers and 10wt % in the inner 
layers. c) Indentation stress-strain curves in dry conditions obtained from the 
partial loading–unloading curves shown in figure b. d) Indentation stress–strain 
curves, in dry conditions in the yy and zz directions. e) Indentation stress–strain 
curves in hydrated conditions showing the strain-hardening behaviour of the 
inner layers. f) Loading–unloading curves in hydrated conditions, illustrating the 
influence of loading rate, measured at 0.6mN/s (thick line), 6mN/s (thin lines), 
and 300mN/s (dashed lines) (Amini, Tadayon et al. 2015). 
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In the outer layers the indentation response was anisotropic (Figure 2.8d) with 
a gradual reduction in yield stress moving from the outer layers towards the 
inner layers. The elastic modulus and the yield stress (5.0 ± 0.1 GPa) were 
higher in the zz direction rather than in the yy direction (3.5 ± 0.1 GPa) (yy and 
zz directions are shown in Figure 2.8a). The level of hydration affected the 
mechanical properties of the cuticle. Under hydrated conditions, the different 
behaviour of inner and outer layers becomes more evident (Figure 2.8c-e). The 
effect of the viscoelastic organic phase was verified through indentation 
measurements at different loading rates (Figure 2.8f). In the outer regions no 
rate effect was found and in the following inner layer the influence of loading 
rate was negligible. Instead, in the other inner regions, a small loading rate 
effect was observed due to the larger content of viscoelastic chitin (relative to 
the less viscoelastic mineral). 
 
Figure 2.9 illustrates the mechanisms of deformation and energy dissipation 
arising in the outer and inner regions after indentation tests. Specifically, 
localised interfacial sliding and gradual rotation of fluorapatite crystals were 
detected as responsible of energy dissipation in the outer regions (Figure 2.9c). 
Amini and co-workers (Amini, Tadayon et al. 2015) found that the macroscopic 
size of dactyl club is below the critical size that marks the switch from plastic to 
brittle behaviour in Hertzian tests that are used to measure the load for the 
onset of damage for a specific indenter radius (Rhee, Kim et al. 2001). In 
addition, strain hardening was observed, as a result of microchannel 
densification in the inner regions. The amount of energy dissipated by plastic 
yielding (in percentage of the total contact energy) was 20-25% in the outer 
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layer, 30-35% in the next outer layer and reached up to 50% in the inner layers, 
indicating that through the mechanism of microchannel densification these inner 
layers could absorb higher relative amounts of energy (Amini, Tadayon et al. 
2015). In addition, shear-induced cracks and crack fibril bridging were observed 
in the FESEM (Field Emission Scanning Electron Microscope) images (Figure 
2.9d) and act as toughening mechanisms.  
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Figure 2.9 - Deformation and damage mechanisms of the dactyl clubs 
observed by post-indentation FESEM. a) Blunt contact; i plastic and elastic 
regions in the inner layers; ii higher - magnification figure showing the 
boundaries between the two regions; iii and iv microchannel densification 
regions under contact, representing closed channels in the plastic region and 
open channels in the elastic region. b) Sharp contact, inner layers: i low-
magnification micrograph displaying the transition between the elastic and 
plastic regions; ii and iii microchannels before indentation loads; iv - v elastic-
plastic transition, with green area in v representing the densified structure. c) 
Blunt contact in the outer layers; i low-magnification micrograph including both 
the plastic and the elastic regions; ii highly misalignment of fluorapatite crystals; 
iii high magnification of the elastic region; iv fracture surface of the impact 
region; v schematic figure showing the misalignment of crystals near the 
impacted region. d) Sharp indenter acting on the outer layers: i shear-induced 
lateral cracks; ii fibril bridging between the two sides of a lateral crack; iii 
nucleated cracks; iv formation of microcracks surrounding the main crack  
(Amini, Tadayon et al. 2015). 
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All these described mechanisms are beneficial for the toughness of the dactyl 
cuticle. Similar results were obtained from indentation tests combined with 
microcomputed tomographic analyses on the mantis shrimp’s dactyl club 
(Weaver, Milliron et al. 2012). Specifically, the elastic modulus varies from 70 
GPa in the impact region to 35 GPa in the periodic region and drops to 10 GPa 
in the striated zone. This modulus mismatch across the whole dactyl serves as 
a deflector to prevent catastrophic crack propagation, as shown from previous 
theoretical analysis of fracture toughness in layered materials with different 
elastic moduli (Fratzl, Gupta et al. 2007) and contributes to the dactyl’s impact 
resistance. 
 
Nanoindentation tests (Sachs, Fabritius et al. 2006) on the cuticle of the lobster 
of the Homarus Americanus, instead, show that, in the direction normal to the 
surface of the exocuticle and endocuticle, the Young’s modulus ranges 
respectively between 9.5 - 10.1 GPa and between 5.4 - 6.6 GPa, while in the 
transverse direction between 8.6 – 9.4 GPa for the exocuticle (Figure 2.10).    
 
Figure 2.10 - Schematic figure showing the directions used for the 
indentation tests (Sachs, Fabritius et al. 2006). 
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2.1.2.3 Macroscopic mechanical properties of arthropod cuticle 
An important role in determining the mechanical properties of cuticle is played 
by the presence of water. In fact, when the content of water increases, the 
cuticle becomes softer and the stiffness decreases correspondingly. Soft cuticle 
usually contains equal weight fractions of chitin and protein, and 40 – 75% of 
water whereas harder cuticles contain 15 – 30% weight fraction of chitin and 
only 12% of water. As an example, stiffness can vary from 1 KPa in the highly 
hydrated membrane of the locust, via about 1 MPa for the resilin, to 60 MPa in 
the abdominal cuticle of Rhodnius (an insect of the subfamily of Triatominae) 
and finally to 20 GPa in the cuticle of the locust appendage (Vincent and Wegst 
2004). 
 
Tensile and compression tests, in dry and wet states, have been performed to 
investigate the macroscopic mechanical properties of the lobster Homarus 
americanus cuticle (Fabritius, Sachs et al. 2009). Figures 2.11a-b, demonstrate 
that the mechanical behaviour of the lobster cuticle were substantially affected 
by the hydration state. In fact, the presence of water can break the hydrogen 
bonds between proteins themselves and between protein and chitin (Nissan 
1976). Specifically, in the dry state, the lobster cuticle exhibits a brittle 
behaviour with a linear elastic curve that reaches the value of strain to fracture 
of 0.7%, while the wet cuticle shows plastic deformation with a yielding strain of 
0.5% and a strain to fracture of 1.8% (Figure 2.11a). The Young’s modulus of 
the dry samples is included in the range of 5.8 - 7.0 GPa, whereas it is only 4.8 
GPa in case of wet samples. 
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Figure 2.11 - Results from tensile and compression tests on the 
mineralised endocuticle of the lobster Homarus americanus. a) Global 
stress-strain behaviour under tension of the endocuticle, of both pincher and 
crusher claw in dry and wet conditions. b) Compression tests of the endocuticle, 
in normal and transverse directions (in figure c are represented these 
directions), both in dry and wet conditions (Fabritius, Sachs et al. 2009). 
 
Figure 2.11b shows results for compression tests in normal and transverse 
direction (Fabritius, Sachs et al. 2009). As shown in Figure 2.11c, for the 
compression tests in transverse direction of the cuticle, the two possible 
observation directions are: parallel to the surface (observation direction I) and 
perpendicular to the surface of the cuticle (along the cross section: observation 
direction II).  In normal direction the endocuticle exhibits a linear elastic pattern, 
and a subsequent strain to yield of 2.4% in dry and 1.8% in wet conditions. On 
the other hand, the samples tested in transverse direction show an extended 
plateau region after a relatively small elastic region, and at the end a strain 
hardening. This plateau arises as areas of high strain which expand across the 
fibres determining the collapse of the pore canal system. In addition, once the 
yield is reached, the fibres tend to gather (densification process) rather than 
separate resulting in the observed strain hardening (Figure 2.11b) (Fabritius, 
Sachs et al. 2009). In addition, the strains to fracture values in normal direction 
67 
 
are much lower than the corresponding values in the transverse direction. 
Specifically, respectively for dry and wet state, in normal direction are: 18.7-
19.4% and in wet conditions are: 42.3-35.6% (Fabritius, Sachs et al. 2009). 
These results were explained by the authors by considering that the system of 
pore canals considerably affects the mechanical responses of cuticle under 
compression. When the cuticle is loaded in transverse direction, the pore canals 
are compressed and broaden in transverse direction (Figure 2.12a) while in the 
normal direction (which corresponds to the long axis of the pore canals) the 
extension along the axis of the pore canal is negligible. This behaviour can be 
seen as effect of the honeycomb-like structure that these canals form. In 
addition, a significant difference was observed in the failure of the samples. 
While the samples tested under compression in the normal direction failed by 
cleavage, the samples tested in transverse direction showed a distinct fracture 
plane, oriented perpendicular to the cuticle surface and 45° to the compression 
direction (Figure 2.12b) (Fabritius, Sachs et al. 2009). This is an effect of the 
progressive failure of the structure occurring along the long axes of the pore 
canals, from one pore canal to the next located on different planes. 
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Figure 2.12 - Deformation state of pore canals compressed in the 
transverse direction. a)  In the transverse I direction lateral broadening caused 
by collapsing pore canals is visible. During the observation of the cuticle’s cross 
section along the transverse II direction, this broadening also occurs, but is not 
visible because the pore canals are parallel to the observation direction. b) The 
orientation (45°) of the fracture plane in samples tested in transverse direction 
(Fabritius, Sachs et al. 2009). 
 
The yield strain is higher in the normal than in the transverse direction and 
increases passing from wet to dry condition. Scanning Electron Microscopy 
images also show that in layers where the fibres are perpendicular to the 
loading direction the pore canals collapse and microcracks arise. In layers 
where fibres are oriented longitudinal to the compression load, fibres buckle 
forming irregular cavities (Figure 2.13) (Fabritius, Sachs et al. 2009). 
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Figure 2.13 - Scanning electron microscopy images for compressed 
samples in (a-b) dry and (c-d) wet state. Micro-cracks appear only in the dry 
case and are indicated by white arrows (Fabritius, Sachs et al. 2009). 
 
2.2 Bone and antler 
Bone of present-day mammals and birds is a multifunctional organ that provides 
support for the body and protection for internal organs, contributes to motion, 
stores minerals and maintains pH level in blood (Currey 2002). In addition, bone 
can adapt to loads and environment by regulating its size and it is able to heal 
its microcracks or fractures (Novitskaya, Chen et al. 2011). Here, a continuous 
process of remodelling occurs via specialised cells known as osteoclasts that 
remove material and others know as osteoblasts that replace the old tissue with 
the new one (Martin and Burr 1989). Bone is produced inside the body and 
contains water (Currey 2002) which plays an important role in its mechanical 
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behaviour (see Section 2.2.2). I will compare and contrast a “typical” bone 
mechanical properties and structure (like bovine femoral bone) versus an 
unusual type of bone (antler) in what follows. 
 
From the material perspective, bone is a composite made mainly of collagen 
mineralised with calcium phosphate or hydroxyapatite and contains living cells 
and blood vessels. In some unusual types of bone like antler these cells are all 
dead by the time animals start using it. In terms of the main factor to regulate 
the mechanical properties in bone, they are mainly affected by the amount of 
mineral in the tissue: the more is the mineral the stiffer (and at the same time 
more brittle) bone becomes (Currey 1999). Antler has some of the lowest 
relative mineral content, as it contains 30 – 35 wt% of protein substance which 
is considerably higher than the correspondent amount in typical bone (20 – 30 
wt%) and 55 – 60 wt% of mineral phase which is lower than the amount that is 
found in typical bone (60 – 70 wt%) (Currey 1999). Furthermore, antler 
(particularly elk antler) has the highest strain to failure (about 12%) of the entire 
bone family which is six time higher than the correspondent value for human 
cortical bone (Launey, Buehler et al. 2010). It is also one of the toughest 
materials in nature among the living organisms. Its high fracture toughness is 
attributed to the relatively low mineral volume fraction (which leads to a lower 
stiffness) compared with human bone (Figure 2.14) (Launey, Buehler et al. 
2010). In addition, its relative low yield strength (Figure 2.14) in the longitudinal 
direction allows the formation of plastic regions near the cracks. This 
mechanism reduces the overall stresses level and enhances inelastic 
deformations contributing to the material toughness (Launey, Buehler et al. 
2010). 
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Figure 2.14 – Stress strain curve from a three-point bending tests for 
human bone and antler in the transverse (perpendicular to fibres) 
direction (Launey, Buehler et al. 2010). 
 
In order to understand the mechanical properties of bone (and its variants, such 
as antler) it is fundamental to analyse the structural relationship between the 
components and the mechanisms of deformation and energy dissipation at the 
different level of the hierarchical organization (analogous to my discussion of 
cuticle before). In fact, it has been shown that at each hierarchical level its 
mechanical properties vary. For instance, the Young’s modulus of large human 
cortical specimens under tensile testing is in the range of 14 - 20 GPa (Reilly, 
Burstein et al. 1974) while micro-bending tests report a corresponding value of 
5.4 GPa  (single osteon) (Choi, Kuhn et al. 1990). In the following sections a 
detailed description of the different hierarchical levels in antler and a summary 
of the existing knowledge of the properties of the structural elements at each 
scale length are provided. 
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Bone and antler feature similar hierarchical structures and mechanisms of 
deformation and energy dissipation. In the following sections I will describe the 
two biological systems. Since most of the following description can be applied to 
both bone and antler and since most of the literature refers to bone, I will use 
the word ‘bone’ to generally describe the structure and the mechanisms of bone 
and antler. However, I will specify the differences when it is necessary. 
 
2.2.1 Hierarchical structure of bone 
Bone, as shown in Figure 2.15, at the nanometre scale length is a composite of 
stiff inorganic hydroxyapatite platelets interleaved with a softer organic matrix, 
made principally of type I tropocollagen proteins (Weiner and Wagner 1998). 
This sub-structure, together with an intrafibrillar phase of non-collagenous 
proteins and mineral, forms mineralised fibrils (roughly 100 nm in diameter and 
5-10 µm or more in length) (Launey, Buehler et al. 2010) which are arranged 
into aggregate structures at larger length scales, such as fibril arrays and 
lamellae (Meyers, Chen et al. 2008). At the micro-level there are Haversian 
systems, osteons and single trabeculae while the macrostructure is made of 
cancellous and cortical bone (Rho, Kuhn-Spearing et al. 1998).  
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Figure 2.15 - Hierarchical structure in bone. The collagen fibrils (II) are made 
of tropocollagen molecule (I) and hydroxyapatite mineral.  At the following 
hierarchical level, these fibrils are wrapped in a protein-based matrix (III) 
forming a plywood structure: the lamella unit (IV). This group is repeated in the 
osteon (V) which is part of the compact bone (VI) and therefore of the bone 
structure (VII-VIII). 
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2.2.1.1 Molecular level 
The nanostructure of bone is composed of crystals of a mineral phase, collagen 
and non-collagenous organic protein. Minerals are made of poorly crystalline 
form of hydroxyapatite (carbonated apatite or dahllite) which are in the form of 
platelets (with length and width typically ranging from 30 to 200 nm and 
thickness ranging from 3 to 10 nm, measured by atomic force microscopy) 
(Hassenkam, Fantner et al. 2004). In terms of their localization and growth 
within the nanostructure, there is an evidence from electron microscopy and 
other methods that these platelets occur within the discrete spaces between the 
collagen fibrils, limiting the growth of the mineral crystals, and forcing the 
crystals to be discrete and discontinuous (Rho, Kuhn-Spearing et al. 1998). The 
mineral crystals show a specific crystalline orientation with their c axis 
(longitudinal crystallographic axis) that is roughly parallel to the long axes of the 
collagen fibrils (Kuhn-Spearing, Rey et al. 1996).  
 
Bone is subjected to a mineralization process. It is believed that crystals initially 
form within the gap region of the collagen fibrils, later grow in the overlap 
region, and finally extend to the extrafibrillar space (Siperko and Landis 2001) 
(Figure 2.16). There are no studies able to quantify with certainty the amount of 
mineral content that is inside and outside the collagen fibrils (Sasaki, Tagami et 
al. 2002), which is a matter of current debate. However a recent study 
(Alexander, Daulton et al. 2012), based on scanning transmission electron 
microscopy experiments, shows that less or equal to 42% of apatite mineral is 
included in the gap spaces while less or equal to 28% of it is located in the 
intermolecular spaces between adjacent collagen molecules. As a result, 30% 
or more of mineral must lay in the region external to fibrils. 
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Figure 2.16 - Mineralization process in bone. Nucleation of minerals in the 
gap region between the tropocollagen molecules and on the external sides 
(Ritchie, Buehler et al. 2009). 
 
The main organic component of the matrix is type I collagen. Collagen proteins 
are 85-90% of the total amount of proteins in bone (the rest are called non-
collagenous proteins). In collagen, the protein molecule (tropocollagen) 
aggregate to form fibrils and are made of three polypeptides of the same length 
with 67 nm periodicity and 40 nm gaps or holes between the ends of the 
molecules (Rho, Kuhn-Spearing et al. 1998). The tropocollagen molecules are 
cylindrically shaped, with a diameter of approximately 1.5 nm and length of 300 
nm (Weiner and Wagner 1998). They are parallel to each other and staggered 
by one-fourth of their length (Rho, Kuhn-Spearing et al. 1998).   
 
The mechanical behaviour and composition of the extrafibrillar matrix is still a 
matter of research. It seems that the extrafibrillar matrix is composed of non-
collagenous proteins such as osteopontin, proteoglycans and decorin (Launey, 
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Buehler et al. 2010). These proteins hold together the mineralised fibrils 
(Fantner, Hassenkam et al. 2005) and may play a role to regulate the size, 
orientation and process of crystals deposition (Rho, Kuhn-Spearing et al. 1998). 
Further studies are necessary to clarify their contribution to the mechanical 
properties of anter. 
 
2.2.1.2 Microstructure 
Above the molecular level bone can be distinguished into two forms: woven and 
lamellar bone. In these tissues, set of fibrils are packed together to form fibres 
which are arranged in different configurations depending on the specific region 
of bone (Weiner and Wagner 1998). Woven bone is characterised by an 
irregular distribution of collagen fibres and is highly mineralised and quite 
porous. Lamellar bone instead is more precisely arranged and less mineralised 
than woven bone. Lamellar structure is present in bones that are load-carrying 
and impact resisting (Weiner, Traub et al. 1999). Here, the fibres are arranged 
in planes called lamellae which are usually wrapped in concentric layers around 
a canal known as osteon or Haversian system. These fibres lie within the 
lamellar plane and tend to be all oriented in one direction although there is 
evidence of lamellae following a less homogenous angular distribution (Ascenzi, 
Bonucci et al. 1978). Weiner and co-workers (Weiner, Traub et al. 1999) found 
that lamellar bone is made of a series of lamellar units (which are about 3 to 5 
µm thick), each of which is made of 5 sub-layers with fibrils orientated at 0°, 
30°, 60°, 90° and 120° (the last layer is small in rat bone and large in baboon 
and human bones), where 0° represents the direction perpendicular to the bone 
long axis.  
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2.2.1.3 Macrostructure 
 At the macro-structural level two types of bone are identified: cortical (or 
compact) and cancellous (or trabecular). Cancellous bone is found in the 
internal part of many bones and it is spongy with struts or rods like elements, 
known as trabeculae, of 100-300 µm in diameter and marrow-filled cavities 
(Rho, Kuhn-Spearing et al. 1998). Compact bone is solid and includes osteons 
(they measure 0.2 mm in diameter), canaliculi and blood vessels (Haversian 
and  Volkmann’s channels) with an external layer known as periosteum (Currey 
2002) (Figure 2.17). 
 
Figure 2.17 - Cross section of compact bone (Novitskaya, Chen et al. 
2011). 
 
 
2.2.2 Mechanics of bone 
Bone is a hierarchically organised material and its mechanical properties 
depend on: type, scale of observation, amount of mineralization, degree of 
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hydration, porosity, orientation, strain rate and age (Novitskaya, Chen et al. 
2011). 
 
Water is one of the main components of bone (15-25 % of the total volume) and 
it drastically affects the mechanical properties of bone. It is present in the gaps 
within the fibrils, between the triple-helical molecules, between the collagen 
fibrils and between the fibres (Katz and Li 1973). Bone usually shows lower 
stiffness and strength but higher strain to failure and toughness in the hydrated 
state than in the dry state (Novitskaya, Chen et al. 2011).  For instance, the 
Young’s modulus in the dry state can be up to 20% higher in cortical bone and 
up to 40% higher in trabecular bone when compared with the hydrated state 
(Currey 2002). Less mineralised bone, such as bone, include a higher amount 
of water in comparison with higher mineralise bone. In this case part of water is 
located within and around the fibrillar gaps in place of mineral (Novitskaya, 
Chen et al. 2011). 
 
Porosity can be considered as the proportion of the total volume where bone 
tissue is missing. Usually pores are filled by the marrow but in birds it is 
possible to find gas (Currey 2002). Porosity reduces the structural weight and 
increases the energy absorption (McKittrick, Chen et al. 2010). In fact, porous 
bone features higher fracture toughness but lower strength than normal bone 
(McKittrick, Chen et al. 2010).   The effect of increasing porosity is similar to the 
one of increasing the degree of hydration with the substantial difference that 
porosity lessens while water increases the structural weight (McKittrick, Chen et 
al. 2010). The main effect of porosity on mechanical properties of bone is the 
reduction of the elastic modulus. There are several models expressing the 
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relation between the Young’s modulus and the density. For instance, a model 
(Bonfield and Clark 1973) shows that the Young’s modulus E of a porous 
cortical bone is related to Young’s modulus E0 of a bone tissue containing no 
porosity by the Equation 1, where p is the density. From this equation it is 
possible to state that for a compact bone containing 5% porosity the elastic 
modulus decreases of 10%.  
 
  20 1 1.9 0.9E E p p     (1) 
Similarly, a model accounting for the relationship between the Young’s modulus 
and the density in trabecular bone is expressed by Equation 2, where E* and ρ* 
are the Young’s modulus and density of a porous bone while E and ρ are the 
respective values for solid bone (Novitskaya, Chen et al. 2011). 
 
2
* *E
E


 
  
 
  (2) 
The level of mineralization affects significantly the mechanical response of 
bone. Figure 2.18 clearly shows for different type of bio-composites that as the 
mineral fraction increases the bending strength also increases while the 
toughness, on the contrary, decreases.  
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Figure 2.18 - Effect of degree of mineralization on the work of fracture 
(WOF) and bending strength for different bio-polymers (McKittrick, Chen 
et al. 2010). 
 
The intersection of the two curves in Figure 2.18 represents the optimum 
configuration which occurs at the value corresponding to typical mammal bone 
(45% of mineral content), indicating that bone is optimised for both toughness 
and strength (McKittrick, Chen et al. 2010). These results can be explained 
considering the brittle nature of mineral content (hydroxyapatite) which 
increases the stiffness but confers brittleness to the whole bio-composite. Also 
the Young’s modulus of these materials is affected by the level of 
mineralization. For instance, compact bone, compact bovine femur, human 
dentin and human enamel, respectively with a volume fraction of 57%, 67%, 
70% and 98%, have an elastic modulus of 7.8 GPa, 13.5 GPa, 17.6 GPa and 
80 GPa (McKittrick, Chen et al. 2010), showing a positive correlation. 
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The mechanical properties of bone are also influenced by the orientation of its 
constituents which results in anisotropy. For instance, the elastic modulus and 
strength in compact human bone are higher in the longitudinal direction (aligned 
to longitudinal axis of bone) rather than in the transversal one (Novitskaya, 
Chen et al. 2011). Specifically, the longitudinal Young’s modulus of human 
compact bone ranges from 16 to 23 GPa while the transversal one between 6 
and 13 GPa. It has been demonstrated that the mechanical properties of 
biological plywood structures significantly depend on the orientation of fibres 
within the lamellar structure. While it has not been extensively applied to bone 
(with the exception of the study made by Pidaparti and co-workers (Pidaparti, 
Chandran et al. 1996), lamination theory  of synthetic composites may be a 
valid analytic tool to take into account the anisotropy due to different lamellar 
orientations and to measure the mechanical properties of the plywood structure 
in bone. 
 
Bone is a viscoelastic material and its mechanical response is strain-rate 
sensitive. The mechanical response of bone under dynamic loads is of 
enormous interest as most of the catastrophic events causing fracture of bone 
occur at high strain rate. In Figure 2.19 different compressive stress strain 
curves at various strain rates are shown.  
82 
 
 
Figure 2.19 - Stress strain curves for human cortical bone under 
compressive load and different strain rate (Novitskaya, Chen et al. 2011). 
 
These curves clearly show that as the strain rate increases the strain to failure 
decreases while the Young’s modulus and the strength increase. Similar 
behaviour is confirmed in another study on equine bone (Kulin, Jiang et al. 
2011). 
 
It has been shown that the level of mineralization in human bone increases until 
a certain age and then decreases (Figure 2.20). 
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Figure 2.20 - Bone mineral density (BMD) in lumbar spine as function of 
age for (a) young women and (b) old women (Novitskaya, Chen et al. 
2011).   
 
This decrease in mineralization is especially due to osteoporotic diseases which 
afflict people of middle and older age. Specifically, osteoporosis reduces the 
bone mass density provoking the disruption of the trabecular structure with the 
formation of large voids reducing the stiffness and promoting fracture 
phenomena (Lubarda, Novitskaya et al. 2012). Also static toughness and 
impact strength in human cortical bone reduces with age. Other effects like 
collagen degradation (Danielsen, Mosekilde et al. 1994) and increasing density 
of un-remodelled cracks (Currey, Brear et al. 1996) influence negatively the 
mechanical properties in bone. 
 
2.2.2.1 Nano-mechanics 
A complete review (Gautieri, Vesentini et al. 2011) of the nano-mechanics of 
collagen micro fibril reported the Young’s modulus values for single collagen 
molecule and for collagen fibrils in wet and dry state (Table 2.1). These values 
are derived from the average of other values obtained with experimental and 
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numerical technique, such as X-ray diffraction, AFM tests, atomistic modelling 
and simulations, etc. 
 
Hierarchical level 
Young’s modulus [GPa] 
(Grunenfelder, Suksangpanya et al.) 
Collagen molecule 4.8±2.0 
Collagen fibril, wet 0.6±0.2 
Collagen fibril, dry 3.26 
Table 2.1 – Comparison of the Young’s modulus of collagen molecule and 
collagen fibrils in dry and wet state (Gautieri, Vesentini et al. 2011). 
 
An estimation of the elastic modulus of the mineral content in bone was offered 
by Gupta and co-workers (Gupta, Schratter et al. 2005). They used a 
combination of experimental data and modelling to predict this parameter and 
attributed to it a value of ≈100 GPa. The volume fraction was calculated from 
the calcium concentration measured in quantitative Backscattered Electron 
images. A reasonable value of the mineral volume fraction in antler (Currey 
2002) is ≈ 0.3 (the lowest among all the types of bone). Instead, typical values 
for human and bovine bone are ≈ 0.36, while the highest value was found for 
the whale’s bulla (≈ 0.56) (Currey 2002). 
   
2.2.2.2 Micro-mechanics 
At the microscale the predominant element contributing to the mechanical 
properties of compact bone is the individual osteon (Figure 2.17), whose 
mechanical properties in isolation have been widely analysed by Ascenzi and 
co-workers (Ascenzi and Bonucci 1967, Ascenzi and Bonucci 1968, Ascenzi, 
Baschieri et al. 1990, Ascenzi, Baschieri et al. 1994). They found, under tensile 
tests, that for single osteon where lamellae are mostly oriented along the 
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longitudinal direction of bone the elastic modulus is 12 GPa and the strength is 
120 MPa, while for osteons with a inhomogeneous angular distribution of 
lamellae the elastic modulus is 5.5 GPa and the strength is 102 MPa (Ascenzi 
and Bonucci 1967). In compression, the respective values for the elastic moduli 
halve while for the strength they remain constant (Ascenzi and Bonucci 1968). 
Similarly, the two types (with regular and irregular lamellar distribution) of 
osteons present bending stiffness of 2 and 3 GPa and bending strength values 
of 390 MPa and 350 MPa (Ascenzi, Baschieri et al. 1990). Instead, in torsion 
the shear moduli are respectively 20 and 15 GPa and strength values 200 and 
160 MPa (Ascenzi, Baschieri et al. 1994).  
 
Experimental tensile tests on human individual trabeculae (with an approximate 
diameter of 0.18 mm and length of 2.3 mm) and micro-specimens of human 
cortical bone (approximately 0.3 x 0.3 x 2.2 mm) show that the mean elastic 
modulus for the compact bone is 18.6±3.5 GPa while for the trabecular bone is 
10.4±3.5 GPa (Rho, Ashman et al. 1993). Previous studies (Runkle and Pugh 
1975, Townsend, Rose et al. 1975) reported approximate measurements of the 
loads required to bend a single trabecula and showed that the Young’s modulus 
in compression ranges between 9 and 14 GPa.  
 
2.2.2.3 Macro-mechanics  
Some of the first comparisons of the mechanical properties of different bone 
tissues were provided by Currey (Currey 1979). He performed three-point 
bending tests and compared three types of bone: the antler of a deer (Cervus 
elaphus), the femur of a cow (Bos taurus) and the tympanic bulla of a whale 
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(Balenoptera physalus). The aim was to measure the work of fracture (that is a 
measure of the necessary amount of work for a crack to propagate) and the 
stiffness of these three types of bone (results in Table 2.2) (Currey 1979).  
 
 Antler Femur Bulla 
Work of fracture [J m-2] 6186 1710 200 
Bending strength [MPa] 179.4 246.7 33 
Modulus of elasticity 
[GPa] 
7.4 13.5 31.3 
Mineral content [wt%] 59.3 66.7 86.4 
Density [103 Kg m-3] 1.86 2.06 2.47 
Table 2.2 – Mechanical properties of antler, femur and bulla. 
 
The level of mineralization can be immediately related to the work of fracture. In 
fact, for the bulla, where the degree of mineralization is the highest (among the 
three type of bones here considered), the fracture was brittle while for antler, 
which shows the lowest mineral content, the fracture was ductile (Currey 1979). 
The highest bending strength instead was measured for the femur which has an 
intermediate level of mineral content. These results for bending strength are 
overall in agreement with the trend shown in Figure 2.18 although the 
numerical values do not completely match. Indeed, Figure 2.18 shows a value 
of roughly 150 MPa for the bending strength of the antler and of roughly 200 
MPa for the bending strength of the femur. 
 
Table 2.3 shows the material properties of compact and cancellous antler 
compared with the respective quantities for the whole antler. Results show that 
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compact antler is more mineralised than cancellous antler (Chen, Stokes et al. 
2009).   
Property 
Compact 
antler 
Cancellous antler Total antler 
Density [g cm-3] 1.72±0.04 0.50±0.05 1.35±0.10 
Mineral content [wt%] 56.9±1.0 43.4±0.4 50.1±0.5 
Mineral volume 
fraction 
0.36 0.25 0.3 
Table 2.3 – Mineral and density of compact and cancellous antler (Chen, 
Stokes et al. 2009). 
 
A comparison of the mechanical behaviour of bovine femur, together with dry 
and hydrated elk antler is provided in Table 2.4. Overall, results show that 
bovine femur is more mineralised, stiffer and stronger than elk antler which, 
instead, features a higher fracture toughness (Chen, Stokes et al. 2009). 
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Property 
Elk antler 
(dry) 
Elk antler 
(rehydrated) 
Bovine 
femur 
Density [g cm-3] 1.72  2.06 
Mineral content [wt%] 56.9  67 
Elastic modulus [GPa]    
Bending (longitudinal) 7.60±0.25 6.98±0.26 26.1 
Bending (transverse) 3.76±0.68 3.26±0.35  
Bending strength [MPa]    
Longitudinal 197.3±24  238 
Transverse 66.7±10.7   
Compressive strength [MPa]    
Longitudinal 125.6±11.3  272 
Transverse 44.5±17.1  146 
Tensile strength [MPa]    
Longitudinal 115.4±16.6  144 
Transverse 20.3±6.0  46 
Fracture toughness [MPa m1/2] 7.9±2.2 10.3±3.3 2-5 
Table 2.4 – Mechanical properties of compact bone in elk antlers and 
bovine femora (Chen, Stokes et al. 2009). 
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2.2.3 Fracture toughness in bone: mechanisms of deformation and 
energy dissipation in bone 
The mechanical response of bone is controlled by its material properties and by 
a series of mechanisms of deformation and energy dissipation occurring at each 
single length scale. Recent advances in experimental (such as X-ray 
microscopy, synchrotron X-ray diffraction, Raman spectroscopy) and modelling 
(such as multiscale models and simulations) techniques permitted the 
observation and estimation of these mechanisms at each hierarchical level. 
Fracture in bone results from the mutual competition between intrinsic damage 
mechanisms occurring ahead the crack tip and promoting the evolution of 
cracks and extrinsic shielding mechanisms behind the tip which increase the 
resistance to crack initiation and growth (Launey, Buehler et al. 2010) (Figure 
2.21). 
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Figure 2.21 - Mechanisms of deformation and energy dissipation in bone 
(Launey, Buehler et al. 2010). At each hierarchical level different mechanisms 
occur: molecular uncoiling and intermolecular sliding at  the lowest level, 
microcracking and fibrillar sliding at the level of fibril arrays, breaking of 
sacrificial bonds and crack bridging at an higher level and crack deflection and 
crack bridging at the highest level (10-100 µm) (Launey, Buehler et al. 2010). 
Both collagen fibrils and mineral content are arranged in staggered 
configuration (elements at a certain layer/row are misaligned with respect to 
elements laying on adjacent layers, as shown in details in Figure 4.1).  
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2.2.3.1 Intrinsic mechanisms 
At the lowest hierarchical level the principal mechanisms of deformation are 
molecular stretching and uncoiling. These mechanisms provoke the breakage of 
H (hydrogen)-bond that is a reversible process. Indeed, due to short distance 
between the three polypeptide chains forming the tropocollagen molecule, H-
bonds continuously break and reform leading to energy dissipation (Gautieri, 
Buehler et al. 2009).  
 
The breakage of H-bonds is also associated to the sliding between 
tropocollagen proteins and hydroxyapatite minerals. In fact, due to the 
staggered configuration and to the material properties of the system, a 
mechanism of slippage between organic and inorganic components occurs 
involving the breakage of H-bonds. This slippage mechanism leads to energy 
dissipation once yielding begins and in addition to the formation of zone with 
lower material density (hence, less H-bonds) resulting in nanoscale voids 
(Buehler 2007).  Buehler (Buehler 2007) compared mineralised and pure 
collagen fibrils (Figure 2.22) and found that mineralised fibrils show higher 
stiffness, strength and energy dissipation under deformation if compared with 
pure collagen fibrils. Specifically, the elastic modulus, yield strain and strength 
are 6.2 GPa, 6.7% and 0.6 GPa for mineralised collagen fibrils, while are, 
respectively, 4.6 GPa, 5% and 0.3 GPa for pure collagen fibrils (Launey, 
Buehler et al. 2010).  
 
A similar sliding mechanism occurs at a higher hierarchical level between fibrils 
(also arranged in staggered configuration as shown in Figure 2.21). In fact, 
when collagen fibres are stretched the load is resolved into tensile deformation 
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of fibrils and shearing of extrafibrillar matrix (made of non-collagenous proteins) 
(Launey, Buehler et al. 2010). Here, sufficient energy is necessary to break 
sacrificial bonds that hold the fibrils together increasing the total energy to 
fracture the material and therefore the toughness (Fantner, Hassenkam et al. 
2005). These bonds can reform allowing the material to partially reacquire the 
original strength once the load is removed. Gupta and co-workers (Gupta, 
Krauss et al. 2013) found that this intrafibrillar sliding is responsible for 
permanent plastic strain at the fibrillar level leading to high toughness in antler. 
In this context, in this thesis I investigate two new mechanisms at the fibrillar 
length scale of energy dissipation, known as heterogeneity and hysteresis, in 
Chapter 4. 
 
Figure 2.22 - Results from molecular dynamic simulations for (b) pure and 
(c) mineralised collagen fibrils. The differences in the two curves of (a) can 
be attributed to the slippage mechanism at the interface between mineral and 
tropocollagen molecules (Buehler 2007). 
 
At the microscale, an important phenomenon of energy dissipation is known as 
microcracking characterised by the formation of numerous and short cracks 
(with a length of about 500 µm and width of about 100 µm (Mohsin, O’Brien et 
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al. 2006) caused by the fracture of hydroxyapatite crystals or delamination at 
interface between crystals and adjacent fibres (Launey, Buehler et al. 2010).  
This mechanism not only is an intrinsic mechanism (following the definition in 
Section 2.2.3) but is also one of the main extrinsic mechanisms, as explained 
in detail in Section 2.2.3.2. 
 
2.2.3.2 Extrinsic mechanisms 
Microcracks usually develop around a macro-crack forming plastic zones that 
reduces the stress levels nearby the crack. As a consequence, they form a sort 
of shield against crack propagation and protect the integrity of the entire 
structure. This phenomenon is known as constrained microcracking and 
contributes to the fracture toughness of bone by 0.05 MPa m1/2 (Ritchie, Buehler 
et al. 2009). Microcracking is a fundamental phenomenon for the development 
of intrinsic mechanisms such as crack-bridging or crack-deflection. Crack 
bridging is verified in presence of intact regions between a primary growing 
crack and another initiated ahead. These zones are able to bear a substantial 
amount of load otherwise used to promote the crack propagation (Ritchie, 
Buehler et al. 2009). Crack deflection is characterised by directional variations 
of the propagating cracks dissipating a considerable amount of energy (Ritchie, 
Buehler et al. 2009). 
 
In human cortical bone cement lines at the boundary of osteons are usually 
oriented along the longitudinal direction of bone which is also the direction 
where cracks preferably propagate. The relative direction between microcracks 
and main macro-cracks has a fundamental function in the toughening 
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mechanisms. In fact, cracks deflection and twisting arise when microcracks are 
mostly perpendicular to the main crack (this is observed along the transverse 
direction and contributes to the total fracture toughness of 3-20 MPa m1/2  
(Ritchie, Buehler et al. 2009)) while the mechanism of crack bridging (which 
adds a contribution of 1-2 MPa m1/2 (Ritchie, Buehler et al. 2009) to the total 
fracture toughness) becomes predominant when microcracks are, instead, 
mostly parallel to the direction of the main crack (this occurs along the 
longitudinal direction) (Figure 2.21). These phenomena make bone tougher 
along the transverse direction than along the longitudinal one. For these 
reasons bone is more resistant to breakage rather than to splitting (Launey, 
Buehler et al. 2010). 
 
It has been observed that collagen fibrils often bridge the gap due to a 
developing crack and provide additional resistance to crack propagation. This 
other mechanism is called collagen-fibril bridging and contributes to fracture 
toughness by typically 0.1 MPa m1/2 (Ritchie, Buehler et al. 2009). 
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3 Multiscale models of arthropod cuticle and bone 
 
Bio-composites such as cuticle and bone, possess outstanding mechanical 
properties while the behaviour of their basic constituents is quite modest 
(Meyers, Chen et al. 2008). These remarkable performances are achieved 
through their hierarchical organization and specific design at each length scale 
(Tai, Dao et al. 2007). Therefore, to understand the mechanical behaviour of the 
arthropod cuticle and bone, it is fundamental to consider the structure–property 
relations at all length scales. Another interesting aspect of natural materials is 
their ability to build multiple structures within the same system starting from the 
same basic constituents. For instance, the cuticle that at the macroscale 
consists of three layers (endo, exo and epicuticle) shows different behaviour at 
the internal and external layers. Specifically, the exocuticle is characterised by 
higher mineral content, smaller canal pores and lower pitch of rotation of the 
lamellar arrangement compared to the endocuticle (Sachs, Fabritius et al. 
2006). The reasons of these specific designs and differences are still unknown 
and only detailed analyses could unveil them. Due to the limitation of the current 
experimental techniques for material characterisation (particularly at the 
nanoscale) and the complexity of the hierarchical structure of cuticle, the 
knowledge available on the structural and mechanical properties at different 
hierarchical levels of cuticle is still poor. For example, the mechanical properties 
and structures of the protein content are not completely clear.  
 
An established approach to define the structure-property relationship in 
biological materials is based on computational analyses combined with 
96 
 
experimental data. Specifically, the process usually involves firstly, AFM 
(atomic-force microscopy) observations to create a map of the tissues and 
observe them, secondly, nanoindentation tests to determine the hardness of the 
contact and the Young’s modulus (Oliver and Pharr 2004) of the test specimen 
and finally, Finite Element simulations to observe stress distribution or other 
specific parameters of interest. This method was used to investigate bone (Tai, 
Dao et al. 2007), nacre (Bruet, Qi et al. 2005) and fish scale (Bruet, Song et al. 
2008), and does not explicitly consider the molecular scale analysing 
exclusively the higher hierarchical levels. Instead, atomistic molecular dynamic 
is a tool extensively applied to collagen-based materials to explore the 
mechanisms of energy deformation and dissipation at the atomistic and 
molecular levels (Buehler, Keten et al. 2008, Buehler and Yung 2009). Other 
methods to characterise the material properties of bio-composites at the 
nanoscale and mesoscale and their structural behaviour are based on the 
combination of experimental techniques (for instance mechanical tests coupled 
with synchrotron X-ray experiments) and analytical formulations or finite 
element simulations. An example of this type of approach is developed in 
Chapter 5. A more advanced and complete tool to analyse the structural 
properties and identify the key features in bio-materials is computational 
multiscale modelling including all the hierarchical levels. Usually, this method is 
aimed at obtaining the properties via a step-by-step homogenization process 
starting from the lowest scale and then passing the gained information to the 
upper levels of hierarchy (Nikolov, Fabritius et al. 2011). 
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3.1 Modelling of crustacean cuticle 
An excellent example of the implementation of a complete multiscale modelling 
on crustacean cuticle comes from the studies of Nikolov and co-workers 
(Nikolov, Petrov et al. 2010, Nikolov, Fabritius et al. 2011) who developed a 
general method (that can be applied also to other bio-composites) and focused 
on the lobster Homarus Americanus, one of oldest natural examples of 
structural and armoured biological system that underwent a process of evolution 
since the Early Cambrian period (about 500 million years ago). This hierarchical 
model is based on ab-initio calculations at the nanoscale and specific 
techniques to find the homogenised properties of a heterogeneous 
representative volume element (RVE). To overcome the difficulties for isolating 
and testing single α-chitin nanofibrils, they used molecular dynamics (MD) 
simulations combined with DFT (density functional theory) to find the stiffness 
tensor of a single α-chitin crystal. At this level, they found that α-chitin is much 
stiffer in the chain direction c compared to the transverse directions due to the 
strong covalent bonds which are predominant along the c axis (while the H-
bonds, responsible for cohesion along the transverse directions, are weaker). At 
higher levels, homogenization methods combined with experimental tests were 
employed to calculate the elastic behaviour of the system (Nikolov, Fabritius et 
al. 2011). A schematic summary of the experimental and numerical techniques 
employed at different length scale to calculate the Young’s moduli is shown in 
Figure 3.1 (Nikolov, Petrov et al. 2010).  
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Figure 3.1 - Elastic properties of the cuticle structure. The hierarchical 
structures, together with the experimental and numerical methods applied to the 
cuticle, are listed (Nikolov, Petrov et al. 2010). 
 
Their results, valid only in elastic regime (small deformation), demonstrate that 
the mechanical properties of cuticle mostly depend on the material properties of 
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the constituents at the higher hierarchical levels. Specifically, they introduced a 
sensitivity parameter to verify the effect of variations of design parameters such 
as volume fraction and material properties of the constituents and they found 
that the in-plane (along the fibres direction) cuticle modulus mostly depends on 
the overall content of mineral and volume fraction of chitin fibres. In addition, 
they verified that the anisotropy ratio (in-plane elastic modulus/out-of plane 
elastic modulus) decreases as the hierarchical level increases passing from 
4.25 at the molecular level to 1.25 at the macro-scale (plywood structure with 
pore canals) (Nikolov, Petrov et al. 2010).  
 
The exoskeleton of the mantis shrimp impressed scientists particularly for the 
damage tolerance of its dactyl clubs. In fact, one of the most impressive 
behaviour of this animal is not only the ability to smash tough snail shells with 
powerful strikes but also the capability of its dactyl clubs (that are used to hit the 
preys) to resist violent impacts. Yaraghi et al. (Yaraghi, Guarín‐Zapata et al. 
2016) investigated the structure of the dactyl club in the impact region (the outer 
layer of cuticle, see also Figure 2.8) and found the presence of a fibrous 
herringbone-like pattern terminating with a layer of nanoparticles of 65 nm in 
diameter. They performed finite element simulations and created 3D printed 
samples comparing the sinusoidal herringbone pattern found in the clubs with 
the helicoidal pattern typical of other parts of the cuticle such as the abdominal 
zone (Figure 3.2). Their results showed that the herringbone structure is able to 
absorb up to 3.43 times higher impact energy than the helicoidal structure and 
that the transversal Young’s modulus of the herringbone-like system increases 
as the ratio between the amplitude and wavelength of the sinusoidal pattern 
increases (Yaraghi, Guarín‐Zapata et al. 2016). 
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Figure 3.2 - Finite Element analysis and mechanical compression tests of 
3D printed samples reproducing the helicoidal and herringbone patterns. 
(A) Geometry of the helicoidal and herringbone structures. Colours are 
representative of the position along the z-axis. (B) Mesh used for the analyses. 
(C-D) Surfaces of constant normalised von Mises stress (σMises/Etransversal) for the 
values 1.89×10-2, 1.95×10-2, and 2.28×10-2. (E) Relative Young’s modulus for 
herringbone pattern with respect to the helicoidal case. The horizontal axis 
shows the aspect ratio between the amplitude and wavelength of the sinusoidal 
herringbone pattern. (F) 3D printed samples reproducing the helicoidal and 
herringbone shapes. (G) Results from compression tests for the 3D printed 
samples. (H) Comparison for the helicoidal 3D printed sample and the 
herringbone one at a deformation of 0.1 (Yaraghi, Guarín‐Zapata et al. 2016). 
 
In addition, their results showed that nanoparticles play an important role in the 
energy absorption mechanisms of cuticle preventing stress concentration and 
therefore crack propagation in the impact region (Yaraghi, Guarín‐Zapata et al. 
2016).  
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The helicoidal structure of cuticle inspired a recent study (Grunenfelder, 
Suksangpanya et al. 2014) by Grunenfelder and co-workers, where they applied 
the helicoidal design of cuticle to a carbon fiber-epoxy composite. Impact tests 
and finite element simulations were performed to investigate the impact 
resistance of the structure. Multiple layups with different rotation angles 
between consecutive plies were tested: unidirectional ([0]s), quasi isotropic 
([0/±45/90]6s), ‘small angle’ ([0/7.8/…/180]s), ‘medium angle’ ([0/16.3/…/180]2s), 
‘large angle’ ([0/25.7/…/180]3s). Results demonstrate that a smaller rotation 
angle results in a reduction of impact damage and in an increase of residual 
strength (Grunenfelder, Suksangpanya et al. 2014).      
 
3.2 Modelling of bone 
A substantial number of modelling studies investigating the mechanisms of 
deformation and energy dissipation of different scales in bone is available. 
Analytical and computational approaches were widely used to explore the 
mechanics of bone and understand the reasons of its remarkable strength and 
toughness. 
 
Fratzl and Weinkamer (Jäger and Fratzl 2000, Fratzl and Weinkamer 2007) 
developed a shear lag analytical model to calculate the effective Young’s 
modulus of staggered arrangement of hydroxyapatite platelets embedded in a 
collagen matrix forming the collagen fibrils (Figure 3.3). Their model considered 
the effect of the aspect ratio of platelets and the staggered arrangement, part of 
the load is carried by the matrix through shear stresses. The Young’s modulus 
of the composite is expressed by Equation 3 where the coefficient k is shown in 
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Equation 4. A typical value of k for collagen tissues is ≈ 5.4 (Fratzl and 
Weinkamer 2007).  
 (1 ) /
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All the terms appearing in Equations 3 and 4 are listed in Table 3.1 (subscripts 
c, p and m indicate respectively composite, platelets and matrix). 
Symbol Meaning 
E Young’s modulus 
ϕ 
Mineral volume 
fraction (platelets) 
ρ 
Platelets aspect 
ratio (L/D) 
G Shear modulus 
Table 3.1 – Symbols used in Equations 3 and 4. 
 
Figure 3.3 - Sketch of the two-dimensional staggered system made of stiff 
platelets (length L, thickness D, lateral spacing d, L* deformed length, δ 
increase of space between particles) and glued together by a matrix 
(Fratzl and Weinkamer 2007). 
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As a result, mechanical properties of collagen fibrils depend on the ability of 
mineral platelets to bear large tensile stress and of proteins component to carry 
shear stresses without failure. Therefore, the fracture toughness of the 
composite depends on the tensile strength of mineral platelets. Inspired by the 
model previously described (Fratzl and Weinkamer 2007), Gao and co-workers 
focused on the optimization of the strength of mineral platelets (Gao, Ji et al. 
2003). They considered as ideal a defect-free mineral platelet and studied a 
realistic platelet containing material discontinuities (flaws) trapped within the 
mineral crystals. These flaws are equivalent to soft protein inclusions or 
embedded microcracks. Using concepts from fracture mechanics, they 
estimated a critical length for the thickness of minerals below which the fracture 
strength of a cracked platelet is identical to that of an ideal platelet. This length 
is of the order of magnitude of nanometer (≈ 30 nm) below which the material is 
insensitive to crack-like flaws. Ranging the mineral platelets thickness between 
3 and 10 nm, the strength of minerals is not affected by flaws. This finding leads 
to state that the nanometer size of mineral crystals in bio-composites provides 
the optimum fracture strength and maximum tolerance to material imperfections 
(Gao, Ji et al. 2003). Using a similar approach, they also estimated an optimum 
mineral aspect ratio that results to be ≈10 (Gao, Ji et al. 2003). Another 
mechanical model (Bar-On and Wagner 2011) for bio-composites including 
mineral platelets arranged in staggered configuration within a soft matrix was 
developed to predict the mechanical behavior of staggered composite(Cox 
1952). This approach was also extended to a two scale analysis to calculate the 
effective elastic moduli of composite with staggered fibres including the effects 
of ply orientation at the larger scale (Bar-On and Wagner 2012). Results 
showed that for high fibre content the optimal micro-buckling strength is 
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obtained when staggering is included at the lowest scale in layers orientated at 
45° within plywood composites with lamination sequence [0,±45,90]. This 
multiscale model could be potentially used to study the mechanical response of 
collagen fibre where both collagen fibrils (at the fibre length scale) and mineral 
platelets (at the lower length scale) are arranged in a staggered configuration. 
Specifically, it could be used to explain the reasons behind the hierarchical 
degradation that Gupta and co-workers (Gupta, Seto et al. 2006) measured with 
synchrotron X-ray diffraction method at different scale lengths in bone. In 
details, they found that, under tensile load, at the tissue, fibrillar, and mineral 
platelets levels, the strains decrease in a ratio of 12:5:2 (Figure 3.4). 
 
Figure 3.4 - Schematic model showing bone deformation under external 
tensile load at three different hierarchical levels (Gupta, Seto et al. 2006). 
 
The fracture mechanics of staggered arrangements of fibers was instead 
studied by Barthelat and co-workers (Rabiei, Bekah et al. 2010). The authors 
developed an analytical method to predict the failure modes of the RVE 
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(representative volume element) which depend on geometrical factors and on 
the applied normal and shear stresses. Three different failure modes were 
identified: columnar, stair and shearing (Rabiei, Bekah et al. 2010). Specifically, 
columnar systems with platelets arranged in columns ad with well-defined core 
and overlap regions, mainly follow a columnar failure mode whereas, random 
arrangement, with undefined core and overlap regions, follow a stair mode. A 
third failure mode can occur if the applied shear reaches the shear strength of 
the interface (Rabiei, Bekah et al. 2010) (Figure 3.5). 
 
Figure 3.5 - Possible RVE failure modes for staggered arrangements 
(Rabiei, Bekah et al. 2010). 
 
 
The analytical models of bone mainly focused on the elastic and fracture 
properties at the nano and micro-scales. However, most of these models 
idealise bone as a two dimensional system without considering the actual three 
dimensional configuration of fibrils and fibers (Sabet, Najafi et al. 2016). In 
addition, including non-linear material properties and modelling accurately 
sliding or debonding mechanisms are hard tasks. To overcome these 
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challenges computational methods such as finite elements or molecular 
dynamics simulations are used.  
 
Finite element method was mostly used to analyse the mechanics of two-
dimensional collagen fibrils (Sabet, Najafi et al. 2016).  A cohesive FE model 
(Siegmund, Allen et al. 2008) was used to investigate the role of enzymatic and 
non-enzymatic cross links. The enzymatic process results in trivalent collagen 
cross-links located at the collagen overlap position while non-enzymatic 
collagen crosslinking occurs via spontaneous condensation of amino acids with 
no specific spatial arrangement (randomly placed) (Siegmund, Allen et al. 
2008). Results showed that non-enzymatic cross links increase the stiffness 
and decrease the toughness of bone while enzymatic cross link slightly affect 
the mechanical properties of bone. Finite element method (Luo, Nakade et al. 
2011) was also used to study the effect of mineral–collagen interfacial 
interaction on the damage progression in bone by considering three types of 
interfaces: strong, intermediate and weak. Strong interfaces represent ionic 
interactions, intermediate interfaces represent hydrogen bonds while the weak 
ones reproduce the van der Waals interaction forces. In this work, the damage 
is considered as partial or total failure of the cohesive finite elements between 
mineral platelets and collagen proteins. Results indicated that strong interfaces 
lead to the formation of linear cracks in bone, whereas weak interfaces provoke 
diffuse damage. In addition, intermediate interfaces govern the transition from 
linear microcrack to diffuse damage (Luo, Nakade et al. 2011). Mischinski and 
Ural (Mischinski and Ural 2011) employed finite element simulations to 
elucidate the mechanisms affecting crack penetration into osteons and crack 
deflection at the cement lines. The authors analysed a 2D model of a single 
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osteon surrounded by cement lines and interstitial bone (Figure 3.6). Cohesive 
finite elements, whose properties were based on previous experimental 
measurements, were used to model both the cement lines around the osteons 
and crack paths. Results revealed that the strength of cement lines plays an 
important role in crack deflection. Specifically, low cement line strength 
facilitated crack deflection into cement lines with no effect of the fracture 
toughness of the cement lines. However, the combination of low cement line 
fracture toughness and high strength did not assure crack deflection. They also 
found that longer cracks required lower strength and fracture toughness of 
cement lines to be deflected. In addition, the change of the elastic modulus of 
the osteon did not affect significantly the crack pattern while the change of the 
cohesive law influenced the crack trajectory (Mischinski and Ural 2011). 
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Figure 3.6 – Comparison between the crack patterns of 0° and 45° cracks 
propagating towards the osteon. (a) Finite element sample showing crack 
propagation through an osteon for 0° crack. (b) Stress contours showing the 
different stages of crack propagation for 0° crack. (c) Finite element sample 
showing crack deflection into the cement line for 45° crack. (d) Stress contours 
showing the different stages of crack propagation for 45° crack that is deflected 
by the cement line. The initial cracks are modelled as completely open surfaces 
and the crack pattern (Mischinski and Ural 2011). 
 
A similar analysis (Abdel-Wahab, Maligno et al. 2012), focused on the effect of 
cement lines on the fracture mechanics of bovine cortical bone, was conducted 
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using X-FEM (extended finite element method), an extension of the classical 
finite element method based on a set of enrichment functions used to define the 
domain in presence of cracks or discontinuities (Ghorashi, Valizadeh et al. 
2012). In details, the study investigated the effect of microstructural constituents 
such as cement lines on the fracture mechanics of bone using a X-FEM-based 
cohesive segment to simulate crack initiation and propagation through the 
system. Three different models were analysed: homogeneous (model A), three-
phase (model B, without cement lines) and four-phase composite (model C, 
with cement lines) (Figure 3.7). 
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Figure 3.7 – (a) Micrograph of transverse cross-section of osteonal bovine 
bone, (b) schematic illustration of homogeneous model, and (c) schematic 
illustration of micro-structural model. (d) Stress strain curves for the three 
models (Abdel-Wahab, Maligno et al. 2012). 
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Results revealed a softening pattern in the stress strain curve for the 
homogeneous model A once cracks started propagating, while the introduction 
of a heterogeneous material in models B and C eliminated this softening 
behaviour. In addition, the presence of cement lines (model C) entailed higher 
levels of stress and for cracks propagation, while the presence of osteons 
affects the trajectories of crack propagation. Furthermore, the homogeneous 
model featured the lowest final fracture stress and strain; model B had the 
highest values, while in model C the cement lines arrested the crack 
propagation. 
 
At the smallest hierarchical levels, experimental measures are often very 
challenging. For this reason, several molecular dynamics simulations at the 
atomistic level were performed to study the deformation and failure mechanisms 
of collagen molecule and collagen-mineral systems. Buehler and co-workers 
(Buehler 2008) examined the effect of cross-links density in collagen fibrils. 
Results revealed that higher cross-link densities caused larger yield strains and 
stresses as well as higher fracture stresses.  In addition, the increase of cross-
link density led to brittle deformation behaviour.  Another study (Libonati, Nair et 
al. 2013) focused on the effect of geometry on strength, fracture toughness, 
stress distribution and crack propagation in mineral crystals with an edge crack. 
Results showed that crystal size is responsible for changes in the failure mode 
and stress distribution. Specifically, a decrease of crystal size causes a change 
from a brittle-like failure mode in bigger samples to a more diffuse failure mode 
in the smaller ones combined with a change from a heterogeneous stress field 
to homogeneous stress field. In addition, such decrease provokes a general 
improvement of strength, strain at failure and toughness, approaching the 
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values of the ideal crystal without flaws. The findings of this study reveal that 
below a critical size of ≈ 4.15 nm, mineral crystals become flaw-tolerant, as 
already stated by Gao and co-workers (Gao, Ji et al. 2003). 
 
There are few studies in literature focused on multiscale modelling of bone but 
none of them included all the hierarchical scales (Sabet, Najafi et al. 2016). A 
two-dimensional multiscale analysis was proposed to predict the strength and 
deformation mechanisms in lamellar bone (Hamed and Jasiuk 2013). Firstly, 
finite element simulations were performed to analyse mineralised collagen fibrils 
including the effect of soft collagen proteins and stiff and brittle minerals. The 
obtained strength and elastic properties were then employed to analyse a single 
lamella made of mineralised fibrils glued together by non-collagen proteins. 
Finally, lamellar bone was modelled by forming plywood of single laminae with 
different orientation and studying the effect of these lamination sequences on 
bone strength and longitudinal and transversal elastic moduli (Hamed and 
Jasiuk 2013). At the nanoscale, sliding between collagen proteins and sliding at 
the interface between collagen and hydroxyapatite platelets were identified as 
responsible for the non-linear stress strain behaviour of collagen fibrils. At the 
higher level, results showed that the strength of a single lamella depends mostly 
on the strength of mineralised collagen fibrils which depends itself on the 
interaction between proteins and minerals. Specifically, a weak interaction 
between these two components better reproduces a typical stress strain curve 
of bone at that scale (Figure 3.8c). At the microscale, five systems with 
different lamination sequences were analysed: [0, 0, 0, 0, 0, 0, 0], [0, 90, 0, 90, 
0, 90, 0], [0, 30, 60, 90, 120, 150, 180], [0, 15, 30, 45, 60, 75, 90], [0, 30, 60, 90, 
120]. Results showed that for the last pattern, which reproduces the real 
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lamellar structure as found by Weiner and co-workers (Weiner, Traub et al. 
1999), the strength of bone at microscale is 108.8 MPa confirming previous 
experimental data on bovine bone (Hamed and Jasiuk 2013).  
 
Figure 3.8 – Lamellar structure and stress–strain curve of a single lamella 
in the longitudinal (x1) direction for three types of collagen–HA 
interactions: strong, intermediate and weak (Hamed and Jasiuk 2013). 
 
Most of the multiscale models for bone consider each scale separately 
transferring the information from the lower to the higher hierarchical level 
(Sabet, Najafi et al. 2016). Thus, there is the need to create models able to 
approach multiple scales simultaneously (concurrent multiscale modelling) and 
to consider the system as a continuum. This ‘discrete approach’ causes a series 
of limits which lead to questions about the determination of the number of 
hierarchical scales, and also about the size and the existence of a 
representative volume element (RVE). In addition, further studies would be 
opportune to fully comprehend effects of scale discretization (Sabet, Najafi et al. 
2016). 
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4 Mechanisms of hysteresis and heterogeneous deformation 
in antler 
In this Chapter I will use a terminology that is defined below: 
 Yielding is the phenomenon corresponding to the situation when 
considerable elongation of a specimen under tensile test occurs with no 
noticeable increase in the tensile force (Gere and Goodno 2001). 
Yielding typically occurs after the proportional limit (point on the stress-
strain curve at which the proportionality between stress and strain stops 
existing).  
 Yield stress is the magnitude of stress required to cause yielding in the 
structure. It is also called yield strength, where the word ‘strength’ 
indicates the capacity of a structure to resist loads (Gere and Goodno 
2001). 
 Fracture strength is the critical value of stress at which fracture occurs. 
This is usually determined by performing a tensile test on a specimen as 
last point on the measured stress-strain curve (Gere and Goodno 2001). 
 Fatigue resistance or strength is the highest stress that a material can 
withstand for a given number of cycles without breaking (Yukitaka and 
Masahiro 1983). 
 Energy stored is the area under the curve ‘load-displacement’ of a 
material that follows the Hooke’s law (this curve is a straight line) (Gere 
and Goodno 2001). 
 Elastic strain energy is the energy recovered during the process of 
unloading. Inelastic strain energy is the energy dissipated in the process 
115 
 
of permanently deforming the system upon unloading (Gere and Goodno 
2001). 
 Work of fracture is the area under the load-displacement curve computed 
in correspondence of the displacement of complete fracture (Zehnder 
2012).  
 Fracture toughness is measured by the critical stress intensity factor Kc 
and critical strain energy release rate Gc and defines the resistance of 
materials against crack propagation (this definition presumes the 
presence of a crack with a certain size) (Vasiliev and Morozov 2013). 
 Hysteresis is a lag in response exhibited by a system when reacting to 
changes in the external applied forces. In simpler terms once the system 
experiences a force and undergoes changes (loading), it returns back to 
its initial configuration (unloading) following a different path resulting in 
hysteretic loops on the stress strain curve. In my simulations, time is a 
‘pseudo’ variable (Planchard 2017) that specifies the load level at 
different solution steps. Indeed, only the cyclic loading was defined in 
terms of ‘pseudo’ time but the solver did not consider the time dependent 
terms of the equation of motion (Chaichian, Merches et al. 2012). The 
area within each loop on the stress-strain curve indicates the amount of 
energy dissipated per unit of volume. 
 Fibrillar heterogeneity in this chapter refers to the different 
(heterogeneous) fibril strain types of behavior, which are inferred from 
changes in SAXD diffraction patterns like peak broadening (Krauss, 
Fratzl et al. 2009). 
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4.1 Introduction 
Natural structural materials exhibit mechanical properties through complex 
hierarchical architectures and load-absorbing mechanisms. These architectures 
evolved naturally from basic building blocks thanks to a ‘self-organization’ 
strategy during growth (Meyers, Chen et al. 2008). In fact, biological structures 
adapt, change function during growth, renew their material and build hierarchies 
(Fratzl and Weinkamer 2007). The macroscopic behaviour of these materials 
depends on the interaction between structural properties at different scales 
(Buehler 2007). Bio-composites, such as bone, shells and nacre, represent an 
excellent example of how the design at lower hierarchical scales confers higher 
mechanical properties than the single constituents (Ji and Gao 2004).  Although 
the stiffness of these bio-composites is comparable to that of the basic 
constituent at the nanoscale, their fracture toughness results hugely increased. 
For instance, in bone and shell, the fracture toughness of the mineral 
constituents is << 1MPa*m1/2 while the toughness of their macrostructure varies, 
respectively, in a range of 2 - 7 MPa*m1/2 and 3 - 7 MPa*m1/2. 
 
Antler, as shown in Figure 2.15, at the nanometre scale length is a composite 
of stiff inorganic hydroxyapatite platelets interleaved with a softer organic 
matrix, made principally of type I tropocollagen proteins (Weiner and Wagner 
1998). This sub-structure, together with an intrafibrillar phase of 
noncollageneous proteins and mineral, forms mineralised fibrils that are 
arranged into aggregate structures at higher levels and larger length scales, 
such as fibril arrays and lamellae (Meyers, Chen et al. 2008). The structural 
aspects of this architecture served as inspiration for bio-inspired materials that 
replicate the nanometre scale fibril-matrix (Pugno 2006, Bonderer, Studart et al. 
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2008, Bosia, Buehler et al. 2010, Bosia, Abdalrahman et al. 2012, Bosia, 
Abdalrahman et al. 2014) and intrafibrillar (Wang, Azaïs et al. 2012) structure, 
or at micrometre scales (Dimas, Bratzel et al. 2013) (Compton and Lewis 2014). 
Nonetheless, the mechanical interactions between the constituent units and the 
higher length scales remain a matter of active research. In particular, previous 
studies focused on how the hierarchical architecture brings functionally 
desirable properties such as high fracture toughness (Koester, Ager et al. 
2008), energy absorption and fatigue resistance (Fleck and Eifler 2003). 
 
At the range of 1 – 100 µm, accepted and validated toughness mechanisms are 
crack deflection and bridging (Nalla, Kinney et al. 2003), and constrained 
microcracking (Vashishth, Behiri et al. 1997). The nanoscale structure is 
believed to be of fundamental importance for bone toughness. However, it is 
both challenging to investigate experimentally (Hang and Barber 2011) as well 
as to explain the reasons of its mechanical properties at this scale with a model. 
Works to date mainly focused on either deformation beyond the yield point 
under uniaxial or localised loading (Tai, Dao et al. 2007, Hang and Barber 2011, 
Gupta, Krauss et al. 2013) or on post-hoc interpretation of electron microscopic 
images of loaded and fractured bone (Fantner, Hassenkam et al. 2005, 
Poundarik, Diab et al. 2012). These experimental studies led to hypothesise 
different toughness mechanisms (Launey, Buehler et al. 2010). Examples 
include intrafibrillar plasticity (Gupta, Krauss et al. 2013), sacrificial bonds within 
noncollageneous proteins (Fantner, Hassenkam et al. 2005), friction between 
collagen and mineral (Tai, Ulm et al. 2006), fibrillar sliding of mineralised 
collagen fibrils (Buehler 2007), interfibrillar sliding of collagen fiber arrays 
(Gupta, Wagermaier et al. 2005) and microcracking (Zioupos and Currey 1994). 
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At these small length scales relatively less clear evidence exists on the 
response to cyclic loading, although recent experimental work has begun to 
shed light on this question. For example, Schwiedrzik et al. (Schwiedrzik, 
Raghavan et al. 2014) focused on compression and cyclic micro-pillar tests on 
lamellar bone and measured axial and transverse apparent moduli and 
compressive strengths.  
 
Antler is physiologically subjected to external periodic loading that can lead to 
fatigue failure, and high rate impact that instead can lead to fracture. It is then of 
considerable interest to understand how the nanostructure behaves under these 
loading conditions. Unfortunately, experimental information on the structural 
changes at the fibrillar and interfibrillar level in these loading modes is relatively 
scarce. Concurrently, the link between the types of fibrillar architecture and the 
developed cyclic inelastic response is also not very clear. In this regard, a 
recurrent generic motif in the architecture of hard biological composites is a 
staggered arrangement of fibrils (Figure 4.1b) (Barthelat and Rabiei 2011). This 
particular arrangement plays a key role in energy dissipation through sliding 
(Buehler and Yung 2009, Bar-On and Wagner 2011) and in enhancing the 
structural elastic properties (Bar-On and Wagner 2013, Xia, Ruiz et al. 2016). 
Gupta et al. (Gupta, Krauss et al. 2013) identified elastoplastic behaviour for the 
individual mineralised fibril under the assumption of staggered configuration of 
mineral platelets and collagen molecules inside the fibril. 
 
The role of such a staggered configuration in cyclic loading and energy 
absorption is unexplored at the nanoscale. Recent in situ synchrotron 
SAXD/WAXD mechanical loading/unloading tests on antler  (Gupta, Krauss et 
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al. 2013) show hysteresis in stress-strain curves at both the macroscopic and 
the fibrillar level. These results also highlight the presence of two groups of 
fibrils: plastically deforming fibrils, which exhibit larger deformation (which will 
be denoted type A in what follows), and elastically deforming fibrils (denoted 
type B), whose deformation remains at or under the strain at the material yield 
point.  It is clear that these structural mechanisms may be related, and that the 
fibrillar hysteresis is an important component of the high work to fracture of 
antler, but its structural origins are far less understood. In situ experimental 
probes of the type described above need to be combined with ultrastructural 
modelling at the scale of 1-100 nm, in order to develop a deeper understanding 
of the relevant mechanisms. 
 
In this chapter, I present a set of finite element simulations of the mineralised 
fibrils in antler under cyclic loading whose results, when matched to experiment, 
give an understanding of the causes of the fibrillar hysteresis. I will show that 
the combination of a damageable interface and staggered fibrillar arrangement 
turns out to be capable of explaining the experimentally observed hysteretic 
loops in loading/unloading curves. In addition, a clear explanation of the 
biphasic fibrillar deformation mechanisms, in terms of the dependence on 
interfacial strength and architecture, is here reported. These results provide new 
insights of toughening mechanisms at the nanoscale in antler. 
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4.2 Methods 
4.2.1 Experimental method 
The preparation description of antler specimens and the in situ mechanical tests 
with synchrotron small angle X-ray diffraction (SAXD) are described in detail in 
a previous paper (Gupta, Krauss et al. 2013), and summarized here briefly. The 
samples were taken from the antler cortical shell of a red deer (Cervus elaphus) 
near the antler-pedicle junction and tested with SAXD measurements, 
combined with cyclic loading. While the details are available in a previous paper 
(Krauss, Fratzl et al. 2009), they will be summarized here for completeness. 
Figure 4.1a shows a highly simplified schematic for tensile cyclic tests on 
hydrated antler specimens combined with time-resolved synchrotron SAXD 
measurements, where a synchrotron X-ray beam impinges on the specimen, 
leading to a sequence of SAXD patterns acquired as the sample is deformed.  
As the details are presented in Gupta et al. (Gupta, Krauss et al. 2013), I note 
that a biphasic fibrillar deformation was experimentally observed, and will serve 
as part of the comparison of the presented model to experiment.  
 
4.2.2 Numerical method and implementation of the model 
Parametric finite elements simulations were performed to test a seven-layer 
staggered fibrillar system using Abaqus (Abaqus 6.14-1, Dassault Systemes). 
The two-dimensional model is made of 2800 CPS4R finite elements (CPS4R 
corresponds to 4-node, reduced integration with hourglass control).  The plates, 
measuring 10 µm × 0.2 µm, represent the fibrils (with 200 nm or 0.2 µm radius 
(Fratzl and Weinkamer 2007) in antler and are connected through cohesive 
laws, which are shown in detail in Figure 4.1b (Xu and Needleman 1994). 
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Interfaces link both the lateral sides of fibrils (‘mode I interface’) and their 
bottom-up sides (‘mode II interfaces’) (see Figure 4.2c for interfaces definition). 
The model (Figure 4.1b) assumes initially linear elastic behaviour (Equation 5) 
followed by the initiation and evolution of damage. In Equation 5, the traction 
vector consists, as my models are two-dimensional, of two components tn and 
ts, which are, respectively, the normal and shear tractions, and δn and δs which 
represent the relative displacements between the nodes on the adjacent 
surfaces of two different fibrils. The simplest traction-separation law was used, 
where normal (Knn) and tangential (Kss) stiffness are not coupled (Kns and Ksn 
are null in Equation 5).  
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As peak traction values for the mode I and mode II undamageable interfaces, I 
used generic values such as tn
0 = ts
0 = 80 MPa. These values are never 
achieved among the finite elements adjacent to the interfaces and do not affect 
the results. For mode II damageable interfaces the values tn
0 = 80 MPa and ts
0 = 
0.8 MPa were adopted; tn
0 is an arbitrary high value, never reached upon the 
structure, while ts
0 is the shear stress occurring when at least one point in the 
structure reaches yielding. I followed the hypothesis (Gupta, Krauss et al. 2013) 
that heterogeneity, due to progressive mode II interface damage, starts 
occurring in correspondence of the yielding point. I imposed this condition by 
choosing as shear traction peak value, the maximum shear stress, recorded in 
a generic point of structure, which occurs when at least one finite element 
reaches the yielding stress prescribed by the material model used for the 
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simulations (σy ≈ 46 MPa, which is the yield point observed experimentally for 
antler in Gupta et al. (Gupta, Krauss et al. 2013). The damage initiation values 
tn
0 and ts
0 were chosen such that mode I interfaces are never damageable, 
while the mode II interfaces could be either damageable or not. Therefore, I 
adopted a maximum stress criterion for the onset of damage (Equation 6) 
where damage initiates when the maximum ratio between the traction values at 
the interface (<tn>, ts) and the peak values (tn
0 and ts
0) reaches the value of one. 
The symbols <> represent the Macaulay brackets that are used to mean that a 
compressive traction does not initiate the damage.  
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The values Knn = Kss = 100 MPa were used as stiffness coefficients for both 
mode I and mode II interfaces. The choice of Knn for the mode II interface and 
Kss for the mode I interface has no effect on the results. The response of the 
system was then expected to be mainly affected by Knn for the mode I interface 
and by Kss for the mode II one. I performed parametric simulations, keeping all 
the parameters fixed except for Knn for the mode I interface and Kss for the 
mode II interface. I varied these values between 100 and 300 MPa/µm, with a 
step of 100 MPa/µm (in total 9 simulations), and I found that when Knn = Kss = 
100 MPa/µm the numerical maximum tissue strain matches the correspondent 
experimental value closely. I chose these coefficients such that both the 
numerical and the experimental systems achieve the same level of maximum 
tissue strain. I expressed the coefficients Knn and Kss as K in Figure 4.1b, as 
the figure is representative of a generic mode of fracture. The choice of Knn for 
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the mode I interface and Kss for the mode II interface is fundamental for the 
obtained results; in fact it affects not only the deformation of the system but also 
the hysteretic width of loops in stress-strain curves.  
 
As displacements at failure of the interfaces, the arbitrary high values 10 µm 
and 3 µm were adopted, respectively for the undamageable interfaces and for 
the damageable interface. These levels of displacement values are never 
achieved by the finite elements in these simulations, over the course of the 
stress and strain range seen experimentally, and are hence selected to make 
sure that the damage occurs only in terms of stiffness degradation and never of 
complete failure. Specifically, I assumed that the stresses are always 
transferred through the interfaces. For damageable interfaces, once the 
damage initiates, the stiffness follows the degradation law: K’ = (1 - d) K, where 
d ϵ [0, 1] is the damageable variable. The total dissipated energy dissipated (per 
unit of area) through the process of damage of the interface is the area under 
the traction-separation curve (represented as Gc in Figure 4.1b). In Table 4.1 
the values adopted for the cohesive simulations are schematically summarised.  
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Figure 4.1 - Experimental and numerical methods. (a) Experimental setup 
used for experiments at the synchrotron. Mechanical tester design for tensile 
testing. (b) Staggered fibril structure at the scale of 0.1 - 10 μm with cohesive 
surface behaviors at the interface. The interfibrillar interface is modeled with a 
cohesive-traction separation law. A-B: linear stiffness; B: onset of damage; B-C: 
damage evolution curve characterised by the stiffness degradation coefficient 
(1-d) K; C: failure of interface. 
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Mode I 
interface 
Mode II 
undamageable 
interface 
Mode II 
damageable 
interface 
Elastic constant for fracture 
mode I:  
Knn [MPa/µm] 
100 100 100 
Elastic constant for fracture 
mode II: 
 Kss [MPa/µm] 
100 100 100 
Peak traction for fracture 
mode I: 
tn
0 [MPa] 
80 80 100 
Peak traction for fracture 
mode II: 
ts
0 [MPa] 
80 80 0.8 
Separation value 
δ [µm]  
10 10 3 
Table 4.1 - Input values for cohesive models used in the FE analyses. Bold 
fonts indicate the parameters that critically affect the simulations. 
 
The material properties adopted for the fibrils follow a previous model (Figure 
4.2a) (Gupta, Krauss et al. 2013), with the Young’s modulus of 15.8 GPa and 
the yielding of 46 MPa (Figure 4.2b). In other words, the elastoplastic 
behaviour of a single fibril, and its yield point and stiffness, are taken as a given, 
and arise from previous experimental work (Wess and Cairns 2005, Gupta, 
Krauss et al. 2013). Tensile and cyclic static simulations were performed to 
study respectively the biphasic fibrillar deformation and hysteretic loops in 
stress-strain curves. The applied loads reproduce the values used for 
experiments by Gupta et al. (Gupta, Krauss et al. 2013). Uniaxial traction, along 
the direction 1 (see Figure 4.2c), was applied to the top end of the finite 
element models and fixed support to the bottom end, while right and left sides 
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were kept unconstrained. In detail, a traction value of 60 MPa was imposed for 
the static tests and a sequence of different traction values for the cyclic tests 
(43 – 0 - 50 – 0 – 56 – 0 – 60 – 0 – 43 MPa). The uniaxial tissue strain was 
computed as ratio of the displacement of the loaded edge and the initial length, 
not by averaging the strain field. This is because the average of the strains over 
the structure does not account for the deformation of the cohesive interfaces. In 
fact, since cohesive interfaces are essentially springs, small gaps appear 
between the fibrils (visible, for example, in Figure 4.4c). These gaps are not 
cracks, but only representative of relative displacements between fibrils. Figure 
4.3 shows the mesh convergence test that was used to validate the adopted 
mesh. 
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Figure 4.2 - Experimental and numerical fibril stress-strain curves. (a) 
Experimental stress-strain curve for antler versus model prediction. Data are 
averaged from 10 uniaxial stretch-to-failure tests and bars are standard 
deviations. (b) Material properties input for simulations. (c) Cohesive interface 
characterization. The interface surrounding the central fibril starts damaging 
when at least one finite element of the whole structure reaches yielding at 46 
MPa (maximum stress criterion). 
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Figure 4.3 - Mesh convergence test for the model that includes 
damageable interfaces. The averaged fibril strain was considered for the test. 
The last value of number of finite elements was used for the simulations 
(approximately 2800 elements). 
 
 
4.3 Results 
4.3.1 Biphasic fibrillar deformations 
As stated earlier, a main experimental finding in Gupta et al.(Gupta, Krauss et 
al. 2013) was a biphasic fibrillar deformation. My aim was to understand the role 
of cohesive interfibrillar surface interfaces in staggered mineralised fibril 
models, in enabling this behaviour. In this regard the multi-panel Figure 4.4 
shows an overview comparing strain distributions between experimental data 
and numerical simulations. These will be explored in detail below. 
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Figure 4.4 - Experimental and numerical fibrillar deformation mechanisms: 
(a) Strain distribution for elastically and plastically deforming fibrils for a tissue 
strain value of 1.76 %. (b) SAXD intensity plots. (i) Tissue strain at the yield 
value of 0.6 % (highlighted by a circle and the letter (i) in figure c). (ii) Tissue 
strain at the value of 3.2 % (highlighted by a circle and the letter (ii) in figure c). 
(c) Stress distributions with and without damageable interfaces. Zoom from 
figures d and f. (d) Fibril behaviors in presence of undamageable interfaces 
between fibrils. Fibril b, at the center of the middle layer, deforms plastically. (e) 
Variation of mean fibril strain (filled circles) and upper and lower control lines 
plotted against tissue strain. The middle solid line is the linear regression 
against tissue strain. (f) Fibril behaviors in presence of damageable interface 
only between the middle layer and the adjacent two layers. Fibril b, at the center 
of the middle layer, deforms elastically. 
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For the tensile simulations I firstly adopted a non-damageable law for both the 
mode I and the mode II interfaces, shown previously in Figure 4.2c. The results 
of applied uniaxial traction on the fibrils are shown in Figure 4.4d, with relative 
magnification in Figure 4.4c, with both fibrils A and B plastically deforming, as 
expected. The maximum longitudinal stress (σ11), reached in central region of 
the fibrils, is 135 MPa in fibril A and 119 MPa in fibril B, while the averaged 
stresses are respectively 65 MPa and 63 MPa, beyond the yield point. 
 
Secondly, I found that the introduction of damageable mode II interface around 
the middle layer produces a differentiation of the fibril behavior. The damage of 
the interface around the middle layer partially ‘isolates’ fibril B, which is then not 
able to fully contribute to the load absorption. While fibril A remains elastoplastic 
in its deformation behaviour, the deformation of fibril B never exceeds the 
elastic range (Figures 4.4c-f). In fact, although the maximum longitudinal stress 
(σ11), locally measured in a restricted region of fibril B, is 58 MPa (beyond the 
yield point), its homogenised stress is below the yield point (39 MPa). The 
corresponding values for fibril A are 157 MPa and 73 MPa respectively. 
Considering a particular level of macroscopic tissue strain beyond the yield 
point, such as εt = 1.76 % (Figure 4.4a), I find that most of the load (86 %) is 
carried by fibril A whose finite elements are able to stretch up to eight times 
more than the finite elements in fibril B.  For this tissue strain value, the largest 
deformation in fibril A is εf = 8.9 % whilst in fibril B is εf = 1.2 %. In addition, the 
average deformation of fibril A is 0.9 % while for the fibril B the equivalent strain 
is 0.2 % (below the yield point).  
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 In Figure 4.4f, curves show that numerical results are in good agreement with 
the experimental results shown in Figure 4.4e, where a comparison between 
experimental results and model predictions, developed by Gupta et al. (Gupta, 
Krauss et al. 2013), is presented. In particular, the figure includes the upper and 
lower control lines (εf,±25%), the best fit linear regression against tissue strain 
(middle solid line), and the model predictions for both the elastically deforming 
fibril (blue dash-dotted line) and the plastically deforming fibrils (red dashed 
line). In Figures 4.4f-e, the elastic and plastic patterns are clearly observable, 
as also demonstrated by the experimental results in Figure 4.4b, where the 
SAXD intensity plot (Figure 4.4b(i)) shows that all the fibrils are elastic at the 
yielding point (tissue strain = 0.6 %), while for a tissue strain of 3.2 % (Figure 
4.4b(ii)) the coexistence of plastic and elastic fibrils occurs, with 58% of fibrils at 
εf = 2.95 % (plastic strain) whilst the remainder fraction at εf  = 0.53% (elastic 
strain). 
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4.3.2 The role of mode II interfaces in cyclic loading 
 
Figure 4.5 - Cyclic loading in different fibrillar geometries: Comparisons 
between numerical (figures a, b, c1, c2, d1, d2) and experimental results 
(Figure e). (a) Two fibrils model with ‘mode I’ non damageable interface. (b) 
Two fibrils model with ‘mode II’ non damageable interface. (c1) Four fibrils 
model with ‘mode I’ and ‘mode II’ non damageable interfaces, in aligned 
configuration. (c2) Four fibrils model with ‘mode I’ non damageable interface and 
‘mode II’ damageable interface, in aligned configuration.  (d1) Seven layers 
model without interfaces, in staggered configuration. (d2) Comparison between 
two seven layers models in staggered configuration: damageable mode II 
interfaces at the middle layer versus undamageable ones.  (e) Experimental 
results for cyclic loading on antler. 
 
 
A second main finding in Gupta et al. (Gupta, Krauss et al. 2013) was the 
existence of hysteresis at the fibrillar level. The elasto-plastic behaviors of a set 
133 
 
of different models under cyclic loading were simulated to discover the 
combined effects of fibril lateral arrangement and architecture, coupled with the 
interface types described in the previous subsection. I found that the 
experimentally observed hysteresis in the cyclic loading curves occurs when 
staggered fibril arrangement is coupled with mode I and mode II cohesive 
surface interfaces. In fact, the presence of only mode I or mode II interfaces for, 
respectively, a system of two aligned or two-column fibrils is clearly not 
responsible for hysteresis (Figures 4.5a-b). These effects do not arise from the 
limited number of fibrils considered: an increase in number of fibrils from two to 
four, in a condition of non-overlap, results in no hysteresis with both 
damageable and undamageable mode II interfaces (Figure 4.5c1-c2). As fibrils 
do not transmit load through shearing in the configurations shown in Figures 
4.5c1-c2, no difference between damageable and undamageable mode II 
interface is observed. From this set of simulations, it was observed that only the 
concurrence of staggered fibril arrangement and cohesive surface interface (not 
necessary damageable) leads to hysteresis in loading/unloading stress strain 
curves (Figure 4.5d2). It can be seen from Figure 4.5d1 that staggered but 
perfectly bonded fibrils (no cohesive interface) do not exhibit hysteresis and 
loading/unloading patterns perfectly overlap. The introduction of damageable 
mode II interfaces makes the structure more deformable. Indeed, as fibrils, in 
staggered configuration, transmit loading through shearing, damageable and 
then weaker mode II interfaces allow the whole structure to deform up to 1.89 
%, while in a condition of non-damageable interfaces the tissue strain reaches 
the value of 1.67 % (Figure 4.5d2) at the same stress level of 60 MPa.  
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Numerical results for the cyclic loading curves are in very good agreement with 
experimental data (comparisons in Figures 4.5d2-e). Maximum tissue strains, 
in both cases, are about 1.9 % and furthermore, the structural yielding points 
occur at tissue strain ≈ 0.22 % and axial stress ≈ 25 MPa, earlier than the 
corresponding prediction in the material law (Gupta, Krauss et al. 2013) used 
for simulations.     
 
This study shows how combination of finite elements simulations at fibrillar 
level, combined with experimentally derived information on ultrastructural 
plasticity of the fibril, enables the development of a model for the mechanical 
behaviour of antler under cyclic loading conditions which can explain both the 
energy dissipation (via hysteresis) as well as the concurrent heterogeneous 
pattern at the nanoscale. In addition, as shown in Figure 4.6, my parametric 
simulations allow me to conclude that the combination of: 
a. staggered fibrillar configuration and damageable mode II interface leads 
to hysteresis and fibrillar heterogeneity; 
b. staggered fibrillar configuration and undamageable mode II interface 
leads to hysteresis and fibrillar homogeneity; 
c. aligned fibrillar configuration and perfectly bonded boundary conditions 
(without cohesive behaviors) at the interfaces leads to no hysteresis and 
fibrillar homogeneity. 
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Figure 4.6 - Summary of main results. (a) Staggered fibrillar configuration and 
damageable mode II interface are responsible for hysteretic stress strain curve 
and heterogeneous fibrillar deformation. (b) The inclusion of staggered 
configuration and undamageable interface leads to hysteresis and 
homogeneous fibril deformation. (c) Aligned fibrillar configuration and no 
interface lead to no hysteresis and homogeneous fibril deformation. 
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In addition, the effect of different levels of overlap between staggered fibrils and 
different cohesive laws was investigated in the following sections. 
 
4.3.3 Parametric studies of fibrillar overlaps and cohesive laws 
A set of parametric simulations was performed to verify the influence of overlap 
between fibrils in staggered configuration and the effect of different cohesive 
laws for the damageable interfaces. Simulations prove that in both cases, with 
and without damageable interfaces, the staggered structure becomes more 
deformable (Figures 4.7a-b) as the overlap between fibrils at adjacent layers 
reduces from half to 1/8th of the basic fibril length (see Figure 4.7f for the 
representation of overlap levels).  It is also interesting to notice that the 
hysteretic loop widths decreases as the overlap decreases (Figures 4.7c-d). 
Furthermore, simulations show the relative insensibility of the results to the 
specific damage cohesive evolution laws. In fact, linear and exponential 
damage evolution laws with different displacement at failure values were tested 
and only slight differences (less than 5%) in the fibrillar behaviour were found 
(Figure 4.7e). 
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Figure 4.7 - Parametric simulations. (a, b) Cyclic simulations for (a) 
undamageable interfaces and (b) damageable interfaces (only between the 
middle layer and the two adjacent ones) for different levels of overlap between 
fibrils at adjacent layers. (c, d) Increase in hysteretic loop width. (e) Results for 
different damage evolution laws describing the damageable interfaces. (f) 
Levels of overlap considered for simulations. 
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4.3.4 Effects of interfaces on fibrillar stress distribution  
The introduction of damageable interfaces is responsible for heterogeneity and 
stress redistribution within the staggered structure. In fact, simulations 
demonstrated that when fibrils at the middle layer (fibrils B) are embedded in 
damageable shearing interfaces, their capability of carrying loads reduces 
drastically compared with the predictions of the model where the interfaces are 
undamageable (60% less, in terms of maximum positive stress achievable) 
(Figures 4.8a-b). It is also observable that at the end of each unloading step, in 
the damageable-interfaces configuration (Figure 4.8a), fibril A undergoes 
compression (labelled by semi-transparent circle) while fibril B remains in 
tension. Instead, when the shearing interfaces are undamageable (Figure 
4.8b), both types of fibrils result unloaded at the end of each unloading steps (at 
seconds 2, 4, 6 and 8). 
 
Figure 4.8 - Numerical stress variation in time for fibril A and B, when the 
interfaces surrounding the middle layer are (a) damageable or (b) 
undamageable. 
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4.4 Discussion and conclusion 
Elastic deformation in bone at the nanoscale has been extensively studied 
(Jäger and Fratzl 2000, Ji and Gao 2004, Nikolov and Raabe 2008, Hamed, 
Lee et al. 2010, Bar-On and Wagner 2013) via multiscale fibre composite 
models that often treat bone material as a two-scale hierarchical composite; 
mineralised fibrils are arranged in a staggered manner, and fibrils themselves 
consist of mineral platelets staggered in a collagen matrix phase. Such models 
are usually validated by comparing the tissue-level modulus predictions to 
experimentally determined stiffness, though in an ideal scenario predictions of 
deformation and stress at multiple levels would be calculated and compared to 
experiment.  
 
In the area of structural models for inelastic and damage accumulation in bone 
and antler, there are no modeling attempts for the structural response of the 
nanoscale material under cyclic loading. To fill this gap, here I proposed a 
model based on surface cohesive behavior. The main assumptions are to 
neglect the material properties of the interfibrillar matrix and to consider the 
fibrils linked by cohesive surfaces whose damage process occurs in terms of 
stiffness degradation. Previously, cohesive behaviour was used for studying the 
damage mechanisms of bone at different scales (Ural 2009, Mischinski and Ural 
2011, Hamed and Jasiuk 2013, Lai and Yan 2017, Lin, Samuel et al. 2017). 
This approach, on the contrary, is based on cohesive stiffness representative of 
interfaces with negligible small thicknesses. The main difference between the 
two approaches is that in surface-based laws the damage evolution describes 
the degradation of the cohesive stiffness whereas in the continuum-based 
approach (Ural 2009, Mischinski and Ural 2011, Hamed and Jasiuk 2013, Lai 
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and Yan 2017, Lin, Samuel et al. 2017) the damage concerns the degradation 
of the material stiffness. The continuum model, called also cohesive zone 
model, can be used to analyse both interface and bulk fracture. For example, 
Hamed and Jasiuk (Hamed and Jasiuk 2013) created a multiscale model for 
studying the mechanisms of damage in bone and used the cohesive zone for 
modelling the fracture of the interface between collagen and hydroxyapatite 
platelets but also the fracture inside the fibrillar components. They found that 
the mesh size of cohesive elements had a significant effect on the strength of 
the mineralised fibrils. A recent study (Lai and Yan 2017) investigated the 
evolution of damage in staggered array of mineralised collagen fibrils (MCF) 
embedded in extrafibrillar protein matrix modelled by continuum cohesive finite 
elements. The authors found that the failure mechanisms of the extrafibrillar 
matrix play a dominant role on the energy dissipation capacity of the system. 
Lin et al. (Lin, Samuel et al. 2017) recently provided evidence as to the 
importance of the extrafibrillar matrix, considered as composite of 
hydroxyapatite crystals embedded in an interface modelled by cohesive finite 
elements, in the pre-yield deformation and failure mode of bone. They found 
that a tough interface provokes ductile deformation of matrix, as in the case of 
wet bone, whereas a brittle interface causes brittle deformation, as in dry bone. 
 
Hysteresis, at higher scales in bone, has been found in experiments, but 
relatively few bone-specific models exist. Ascenzi et al. (Ascenzi, Benvenuti et 
al. 1985) tested single osteons and found hysteresis loops under tension. They 
discovered that the collagen orientation is the main factor to determine the 
features of hysteresis loops. In both, the presented  experimental results and in 
other references such as Ascenzi et al. (Ascenzi, Benvenuti et al. 1985), the 
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width of hysteretic loops tends to increase as the applied stress increases. In 
terms of modelling of the hysteresis loop width, the work of Evans and co-
workers, who carried out modelling and numerical analysis of ceramic matrix 
composite deformation (Vagaggini, Domergue et al. 1995), is relevant, although 
their model is applied to a different class of materials. They derived expressions 
for which the maximum hysteresis loop width depends on the Young’s modulus 
of both, the fibrils and the matrix, the fibril radius and the fibril volume fraction, 
but also on the stress conditions, such as the maximum stress reached in the 
system. At lower scales an analytical model explained the inelastic response of 
bone (Mercer, He et al. 2006), indicating stress/strain hysteresis in 
loading/unloading tests. In their model, the authors found the shear yielding of 
the interface between collagen fibrils and mineral platelets to be the cause of 
irreversible slip and then of hysteresis. Hysteresis, in the presented staggered 
fibrillar models, is due to the presence of cohesive surface interfaces and in 
detail, to zones of stress concentration. In fact, I found that, once stretched or 
released (null surface traction applied to the structure) finite elements of the 
horizontally adjacent fibrils (fibrils on the same layer) are under-loaded, while 
finite elements of the underlying fibrils are over-loaded (Figure 4.4c). This 
mechanism of stress concentration combined with the plastic material 
properties result in hysteretic behavior of the system. 
 
The simulations I showed in this chapter were run with a quasi-static approach. 
This means that the inertial forces were not considered for the calculations of 
the equilibrium conditions (equilibrium between external and internal forces). 
Indeed, no value of material density was defined as input for the simulations. 
Therefore, the cyclic loading conditions were achieved by imposing a 
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succession of steps (with the loading advancing in time), each of them starting 
from the final stress/strain conditions achieved by the previous step. This 
approach allowed to reduce drastically the computational time (less and simpler 
equations to solve) and to focus on the static behavior of the analysed 
staggered systems rather than on their dynamic one. However, it is known 
(Doghri 2013), (Gere and Goodno 2001) that inertia plays a dominant role in 
high-speed events, such as impacts or high strain-rate loads (Hight and 
Brandeau 1983). Therefore, in the future it would be interesting to further 
develop my model by keeping the same geometries and verifying the effect on 
the mechanical properties and on hysteretic loops of inertial forces (especially in 
the zones where gaps between fibrils arise).  
 
The second finding regards heterogeneous fibrillar deformation caused by 
partially damageable interfaces. Heterogeneity in the behaviors of mineralised 
tissue was detected as a mechanism contributing to energy dissipation 
(Fantner, Hassenkam et al. 2005, Tai, Dao et al. 2007). Mechanical properties 
of individual mineralised collagen have been only recently analyzed thanks to 
the development of innovative experimental techniques. While the fibrillar 
structure of collagenous tissues was explored extensively during the last 
decades (for a review see (Wess and Cairns 2005)), only more recently have 
their mechanical properties been determined experimentally (Shen, Dodge et al. 
2008, Hang and Barber 2011). Heterogeneity in fibrillar deformation were found 
in antler cortical tissue by Krauss et al. (Krauss, Fratzl et al. 2009) by using a 
time-resolved synchrotron small angle X-ray diffraction technique, coupled with 
tensile testing. They found that heterogeneity in fibrillar deformations starts after 
the macroscopic yielding. Hang and Barber (Hang and Barber 2011) performed 
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tensile testing on individual fibrils from antler using atomic force microscopy and 
scanning electron microscopy. They found heterogeneous deformations in fibrils 
showing either yield or strain hardening. The structural mechanism for 
interfacial failure between fibrils may involve the breakage of sacrificial bonds in 
the noncollageneous proteins found in the interfibrillar matrix (Fantner, 
Hassenkam et al. 2005). These weak calcium mediated bonds within and 
between proteins such as osteopontin or osteonectin have been proposed to 
play a significant role in bone toughness (Gupta, Fratzl et al. 2007, Thurner, 
Chen et al. 2010) Recently, Poundarik et al. (Poundarik, Diab et al. 2012) 
proposed a mechanism of clusters of extrafibrillar mineral held together by non-
collagenous protein glue. Under deformation, this model generates an 
inhomogeneous strain and stress pattern at the fibrillar level. While I found, 
instead, that damageable mode II interfaces are responsible for heterogeneous 
strain fields, the structural origin of such damage may involve mechanisms as 
proposed by Poundarik et al. (Poundarik, Diab et al. 2012) . In detail, fibrils 
surrounded by damageable interfaces behave elastically while other fibrils 
reach higher stress values after yielding. At lower scales, Buehler (Buehler 
2007) found the existence of a range of adhesive energy values between 
molecule (0.01 – 1 J/m2) which optimises the toughening mechanisms. 
Following this concept of optimization, a possible application of my model may 
be a parametric approach to evaluate the types of mechanical behaviors of 
interfaces which lead to optimised toughness. It must be remarked that in the 
presented models, I consider damage only as stiffness degradation of cohesive 
surfaces and not as failure and that I use a 2D model. In terms of multiscale 
modelling of toughness, the current model will allow one to homogenise the 
properties at the fibrillar scale and these homogenised properties could be 
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inserted into a larger-scale 3D model for the study of crack propagation and 
damage in real antler. 
 
In conclusion, by constructing a finite element model for the inelastic cyclic 
loading response of mineralised collagen fibrils in antler, I show that the 
hysteresis observed is due to interfibrillar staggering leading to inhomogeneous 
stress fields along the fibril and localised intrafibrillar plasticity, while the 
inhomogeneous deformation arises from the weak interfaces between fibrils, 
potentially mediated by sacrificial bonds in the noncollageneous proteins 
between fibrils.  
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5 Towards in situ determination of 3D strain and reorientation 
in the interpenetrating nanofibre networks of cuticle  
 
The experimental sections and the experimental results that I describe in this 
Chapter were performed by my two coworkers Dr. Himadri Gupta and Dr. Yi 
Zhang. 
 
5.1 Introduction 
In the design of advanced functional composites, a key characteristic is the 
assembly (either via self-organization or guided deposition) of sub-micron 
elements such as nanowires or nanofibres into a hierarchical and ordered 
system at multiple length scales between the molecular and microscopic levels. 
These include mineralised collagen fibrils in bone (Zimmermann, Gludovatz et 
al. 2013) ordered calcite nanocrystals in hierarchical clay nanocomposites 
(Bafna, Beaucage et al. 2003, Chu, Chen et al. 2014) ordered 2D materials 
inside 3D bio-mineralised materials (Giosia, Polishchuk et al. 2016) 
mechanically high performance polymer/nanoclay composites (Galgali, Agarwal 
et al. 2004) oriented TiO2 nanocrystals assemblies for photo-catalysis (Chen, 
Cao et al. 2015) and semiconductor nanocrystals in superlattices 
(Boneschanscher, Evers et al. 2014). The precise orientation, strain and 
structure of the nanoscale inclusions in such systems is a crucial determining 
factor in enabling function and influencing a diverse range of designed material 
properties, including mechanics (Yang, Chen et al. 2013, Naleway, Porter et al. 
2015, Giosia, Polishchuk et al. 2016) catalytic performance or semiconductor 
performance (Boneschanscher, Evers et al. 2014). In this regard, advances in 
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X-ray techniques including scanning nano-diffraction, ptychography and 
coherent X-ray diffraction have been applied to determine the strain, shape and 
texture of individual nanoparticles or composite aggregates (Keckes, Bartosik et 
al. 2012, Yang, Huang et al. 2013, Chamard, Allain et al. 2015). 
 
However, an implicit assumption of much current X-ray scanning microprobe 
and in situ methods is a neglect of the depth dimension in the analysis of 2D 
diffraction maps. The 2D X-ray diffraction pattern obtained is a slice through the 
3D reciprocal space intensity distribution (Warren 1990). This limits the 
application of most such methods to simple in-plane geometries or sections or 
special materials such as collagen fibrils with an ordered periodic structure at 
the nanoscale, while in most real-life systems, the 3D morphology may have no 
particular symmetry or alignment to sample shape. While recent innovative 
methods like 3D small-angle X-ray scattering (SAXS) tomography and white-
beam X-ray diffraction (Grünewald, Rennhofer et al. 2016), which reconstruct 
3D reciprocal space intensity in a model-free manner, circumvent this 2D 
limitation, these methods have limitations for in situ studies. SAXS tomography 
can take several hours of synchrotron time per reconstruction (Liebi, Georgiadis 
et al. 2015), and the white beam analysis requires several minutes with a 
specialised energy-dispersive detector (Grünewald, Rennhofer et al. 2016) or 
scanning the photon energy. 3D X-ray structural microscopy uses polychromatic 
radiation to measure grain orientation and strain in functionally graded materials 
and composites, but requires sample rotation (Poulsen 2004). Indeed, the in 
situ dynamics of the nanoscale inclusions can follow a complex and non-
predetermined path of coupled rotation, stretching and phase transformation in 
3D, and requires time-resolutions of the order of seconds or below, and do not 
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readily allow steps such as sample-rotation or energy scanning at each step of 
the process (Larson, Yang et al. 2002, Liebi, Georgiadis et al. 2015). Further, 
methods such as ptychography are suited for scanning with high (a few tens of 
nanometres) resolution to obtain structure information, but are also 
comparatively time consuming due to overlapping scans and are therefore not 
suited for in situ studies of samples in the millimetre size range (Chamard, 
Allain et al. 2015). There is therefore a significant need for multiscale 3D 
reconstruction methods for in situ nanoscale mechanics. This need is especially 
relevant for biological and bio-mimetic composites, where the hierarchical 
architecture leads to complex, multi-dimensional motifs (Naleway, Porter et al. 
2015). 
 
A prototypical example of such a multiscale bio-composite (Appendix B, 
Figure A.1) is the crustacean cuticle (Vincent and Wegst 2004, Nikolov, Petrov 
et al. 2010). At the nanoscale, the cuticle may be considered a three-phase 
composite of ~3 nm diameter chitin fibrils, crosslinked amorphous proteins and 
biogenic mineral (calcium carbonate), along with water. The mineralised fibrils 
aggregate into fibres at the scale of ~100 nm, which in turn form a characteristic 
continuous rotated layered plywood structure at the scale of ~10 m, known as 
the Bouligand motif (Figure 2.4 and Figure 2.15) (Bouligand 1972). A network 
of pore canal fibres run perpendicular to these Bouligand layers, forming an 
interpenetrating network of nanofibers which has been likened to a honeycomb 
structure (Nikolov, Petrov et al. 2010). This structural motif has evolved into a 
range of functional specializations, from impact resistant exoskeletons like the 
dactyl and telson in the mantis shrimp, to hyper-extensible appendages for 
laying eggs (Havemann, Müller et al. 2008) to specialised sensory organs in 
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spiders (Erko, Younes-Metzler et al. 2015). In particular, the exoskeleton of the 
mantis shrimp has attracted considerable recent attention, due to its ability to 
resist high rate, repetitive loading with no structural damage serving as a 
template for bio-inspired composites (Patek and Caldwell 2005, Taylor and 
Patek 2010, Weaver, Milliron et al. 2012, Amini, Masic et al. 2014, 
Grunenfelder, Suksangpanya et al. 2014). While multiscale modelling studies of 
the (lobster) cuticle exist, suggesting that much of the variation of mechanical 
properties arises due to structure at the microscale and above (Nikolov, 
Fabritius et al. 2011), there is little direct experimental in situ evidence of the 
nanoscale and microscale mechanisms in crustacean cuticle.  
 
In this chapter, my coworkers and I developed and apply an in situ multiscale X-
ray diffraction/modelling scheme to determine the nanoscale and microscale 
deformation mechanisms in crustacean cuticle. By modelling the crustacean 
cuticle extracellular matrix as two interpenetrating fibre-lamellate structures at 
the sub-micron scale, the 3D X-ray diffraction intensity distributions from these 
fibres using an asymptotic integral approach was predicted(Bender and Orszag 
1999). Under mechanical load, these distributions will alter in a manner dictated 
by the coupled effects of strain at the nanoscale along with 3D deformation and 
reorientation at larger scales. This work shows how, by modelling the fibre-level 
stress and strain fields by matching lamination theory to the experimental X-ray 
peak shifts (Hull and Clyne 1996) and subsequently accounting for larger 
mesoscale (> 10 m) deformations at the scale of lamellae and interpenetrating 
fibre distributions, the in situ nano- and microscale mechanics of crustacean 
cuticle can be determined with high precision. This approach – solely relying on 
the existence of fibre symmetry at the molecular level – is designed to apply to 
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in situ studies of the structural dynamics of nanoscale inclusions in advanced 
multiscale functional materials, provides both mechanical strain as well as 
structural reorientation, and can be carried out using standard 2D X-ray 
detectors or lab-setups. 
 
5.2 Ultrastructural Model and Experimental Results 
To enhance the predictive power of mechanical models of bio-materials, not 
only do the models have to be improved, but also new experimental data needs 
to be matched to model predictions at multiple hierarchical levels. Experimental 
techniques, such as in situ tensile testing during synchrotron X-ray diffraction 
experiments can be used to characterize crustacean cuticle at multiple 
hierarchical levels from the nano- to the mesoscale (tissue level). A 
methodology to incorporate systematically the data acquired with this technique 
into a multiscale model of cuticle mechanics needs to be developed. Here, I 
propose such a model (including nano- micro-and meso-scale) based on the 
laminate theory to compute the mechanical properties and strain distributions in 
the plywood structure of the cuticle under tensile loading. In addition, a new 
approach is proposed to calculate fibre reorientation based on the shear strain 
that each sub-lamella bears under a unidirectional external tensile load.  
 
5.2.1 Lamination theory 
The mechanical response of the mantis shrimp’s cuticle was investigated by 
using a combination of rules of mixtures (Voigt and Reuss models) and the 
expressions of the lamination theory (Berthelot 2012). Firstly, the Voigt rule of 
mixture was used to estimate the material properties of fibril and matrix within 
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the cuticle (Equations 7-12). In Table 5.1 the symbols used for the following 
equations are explained. 
f ch ch prf prfE E E    (7) 
 
f ch ch prf prf       (8) 
 
m acc acc prm prmE E E    (9) 
 
m acc acc prm prm       (10) 
 
 2 1
f
f
f
E
G



 (11) 
 
 2 1
m
m
m
E
G



 (12) 
   
 
Symbols Meaning 
E Young’s modulus 
G Shear modulus 
φ Volume fraction 
ν Poisson’s ratio 
f fibril 
ch chitin 
prf protein content in fibril 
m matrix 
acc acc (amorphous calcium carbonate) spherules 
prm protein content in matrix 
Table 5.1 - Nomenclature for the listed equations. 
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Secondly, a combination of Voigt and Reuss models was used to calculate the 
mechanical properties of the single lamina (Berthelot 2012) (Equations 13-17). 
Directions 1 and 2 are respectively parallel and perpendicular to the longitudinal 
axis of fibres and indicate the lamina reference frame. 
  
 
1 f f m mE E E    (13) 
 
   2
1
/ /f f m m
E
E E 


 (14) 
 
   12
1
/ /f f m m
G
G G 


 (15) 
 
12 f f m m       (16) 
 12 2
21
1
E
E

   (17) 
 
For a generic orthotropic lamina the stiffness matrix Q in the reference frame ‘1-
2’ is expressed by Equations 18-22. 
  
 
11 12
21 22
66
0
0
0 0
Q Q
Q Q
Q
 
 
 
  
Q  (18) 
Where: 
 111
2 2
12
1
1
E
Q
E
E



 (19) 
 
 
 
12 2
12 21
12 211
E
Q Q

 
 

 (20) 
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 2
22
2 2
12
1
1
E
Q
E
E



 (21) 
 66 12Q G  (22) 
Equation 23 represents the transformation matrix which allows passing from a 
fixed frame x-y to the rotated one 1-2 (of a generic angle θ) (Berthelot 2012). 
 
2 2
2 2
2 2
cos sin 2cos sin
sin cos 2cos sin
cos sin cos sin cos sin
   
   
     
 
 
  
   
T  (23) 
For engineering application the Reuter matrix is introduced to pass from the 
tensorial definition of strain to the engineering definition (Equation 24).  
 
1 0 0
0 1 0
0 0 2
 
 
 
  
R  (24) 
All the steps to calculate the laminate stiffness matrix in the x-y reference frame 
are listed below (Equations 25-45). 
1 1
1
2 2
12 12
x
y
xyeng tens tens
x
y
xy eng
  
  


   

      
              
             
R RT RTR                                               (25)  
It is possible to demonstrate that: 
  1 1
T
 RTR T  (26) 
The stiffness matrix for the lamina in the x-y frame can be calculated as follows: 
 
1 1
1 1 1 1
2 2
12 12
x x
y y
xy xyeng engeng eng
   
   
   
   
      
              
            
12 12T T Q RTRT Q  (27) 
Whence: 
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  1 1
x x
T
y y
xy xyeng eng
 
 
 
 
   
   
   
   
   
12 TT Q  (28) 
Where: 
 
2 2
1 2 2
2 2
cos sin 2cos sin
sin cos 2cos sin
cos sin cos sin cos sin
   
   
     

 
 
  
   
T  (29) 
And: 
  
2 2
1 2 2
2 2
cos sin cos sin
sin cos cos sin
2cos sin 2cos sin cos sin
T
   
   
     

 
 
  
   
T  (30) 
I can finally write: 
  1 1
T
xy
  12Q T Q T  (31) 
And also: 
 x
x x
y y
xy xye en
y
ng g
 
 
 
   
   
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   
   
Q  (32) 
The inverse relation is: 
 
x x
y y
xy xyeng eng
 
 
 
   
   
   
   
   
xyS  (33) 
Each element of the matrix Qxy is: 
4 4 2 2 2 2
11 22 12 66cos sin 2cos sin 4cos sinxxQ Q Q Q Q          (34) 
4 4 2 2 2 2
11 22 12 66sin cos 2cos sin 4cos sinyyQ Q Q Q Q          (35) 
 2 2 2 2 4 4 2 211 22 12 66cos sin cos sin cos sin 4cos sinxyQ Q Q Q Q          (36) 
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   3 3 3 3 3 311 22 12 66cos sin sin cos cos sin sin cos 2 cos sin sin cosxsQ Q Q Q Q                
(37)
 
   3 3 3 3 3 311 22 12 66sin cos cos sin cos sin sin cos 2 cos sin sin cosysQ Q Q Q Q                
 (38) 
 
2
2 2 2 2 2 2 2 2
11 22 12 66cos sin cos sin 2cos sin cos sinssQ Q Q Q Q           (39) 
And each element of the matrix Sxy is: 
4 4 2 2 2 2
11 22 12 66cos sin 2cos sin cos sinxxS S S S S         (40) 
4 4 2 2 2 2
11 22 12 66sin cos 2cos sin cos sinyyS S S S S          (41) 
 2 2 2 2 4 4 2 211 22 12 66cos sin cos sin cos sin cos sinxyS S S S S          (42) 
   3 3 3 3 3 311 22 12 662cos sin 2sin cos 2 cos sin sin cos cos sin sin cosxsS S S S S                
 (43) 
   3 3 3 3 3 311 22 12 662sin cos 2cos sin 2 cos sin sin cos cos sin sin cosysS S S S Q                
 (44) 
 
2
2 2 2 2 2 2 2 2
11 22 12 664cos sin 4cos sin 8cos sin cos sinssS S S S S           (45) 
 
A list of basic assumptions used for this approach is listed below (Reddy 2004): 
 Each layer of the laminate is orthotropic. 
 The layers are perfectly bonded together. 
 The laminate is thin compared to the lateral dimensions. 
  State of stress is plane stress (σzz = τxz = τyz 0). 
 All displacements are small compared to the laminate thickness. 
 Straight lines normal to the middle surface remain straight and normal to 
that surface after deformation. 
 The transverse shear strains are negligible (γxz = γyz = 0). 
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 Transverse normal strain εzz is negligible compared to the in plane 
strains εxx and εyy. 
 Strain-displacement and stress-strain relations are linear. 
 
The procedure to calculate the laminate stiffness matrix under the hypotheses 
of the Kirchoff’s theory is shown below (Equations 46-61). 
The in-plane displacements are (see also Figure 5.1): 
 0
w
u u z
x

 

 (46) 
 
0
w
v v z
y

 

 (47) 
 0w w  (48) 
 
Figure 5.1 - Undeformed and deformed geometries of a single lamina 
under Kirchhoff’s hypotheses. 
 
 
 
The strain-displacement relations are: 
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 0z xz yz      (52) 
Whence: 
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 (53) 
Each lamina through the thickness may have a different stiffness due to its 
fibres orientation. The strain variation through the thickness (along z axis) is 
linear (as shown by Equation 53) while the stress variation is therefore 
discontinuous (Figure 5.2). 
 
Figure 5.2 - Stress and strain variation through the laminate thickness. 
 
 
The stress-strain relation for a generic lamina in the laminate's frame is: 
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 (54) 
Force and moments for the laminate (k indicates the generic lamina): 
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The load-strain relations are: 
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Or in a more compact formulation: 
 
     
     
     
N A B ε
M B D k
 (58) 
Where: 
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n
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Where the elements included in 
k
i, jQ  are function of the material properties and 
of  . In this case I only consider the matrix A because the laminate is 
symmetric (it implies that B = 0) and balanced (it implies that Ai,s = 0, where i = 
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x,y). Specifically, a laminate is symmetric when the plies above the mid-plane 
are a mirror image of those below the mid-plane. Instead, a laminate is 
balanced when it has equal numbers of – and + angled plies (Berthelot 2012).  
Hence, it is necessary to invert the matrix A to calculate the laminate strains 
(Equation 62 and 63). 
 1a A  (62) 
 minla ate  aN  (63) 
The mechanical properties of the laminate can be calculated as shown below 
(Equations 64-68), where h is the thickness of the laminate. 
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The calculation of the stress and strain vectors for each lamina can be 
performed by using Equations 69-70. 
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The matrix [T]ε is displayed in the Equation 71. 
2 2
1 2 2
2 2
cos sin cos sin
sin cos cos sin
2cos sin 2cos sin cos sin
   
   
     

 
 
   
   
εT RTR                                  (71) 
5.2.2 Analytical approach for coupled laminate deformation and 
reorientation of Bouligand layers 
Classical lamination theory (Berthelot 1999) was used to analyze the fibre 
deformation and the fibre reorientation of the stomatopod cuticle. Indeed, the 
plywood structure of the Bouligand layer was studied as a laminate, i.e. a stack 
of different orientated composite plies. The reinforcement (fibre) was considered 
to be the mineralised chitin fibre, and the continuous phase (matrix) was taken 
to be the mineral-protein composite. Both materials were assumed to behave in 
a linear elastic manner, i.e. the analytical formulation would be expected to be 
valid to the cuticle elastic limit of about ~0.6-0.8% tissue strain. Each plywood 
lamina was assumed to be orthotropic and to exist in a state of plane stress. 
 
The material properties of the components were taken from the literature 
(Nikolov, Fabritius et al. 2015). The chitin nanofibres were composed of a 
crystalline region of chitin (Ech = 60 GPa, vch = 0.25, ch = 0.31) and proteins (Epf 
= 56 MPa, vprf = 0.28, prf = 0.69), whilst the mineral matrix is composed of 
amorphous calcium carbonate spherules (EACC= 37 GPa, vACC = 0.35, ACC = 
0.9) and different proteins (Eprm = 570 MPa, vprf = 0.28, prf = 0.1). Here, Esubscript 
indicates the Young's modulus for the subscript phase, vsubscript indicates the 
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Poisson's modulus and subscript the volume fraction of the component. Chitin 
modulus was taken from (Ogawa, Hori et al. 2011).  
 
The homogenised material properties of a single lamina were found by applying 
a rule of mixture (combination of Voigt and Reuss models) model twice – first at 
the fibrillar and the next time at the fibre level (Berthelot 1999). At the fibrillar 
level, the Voigt model (Hull and Clyne 1996) was used to calculate the Young’s 
moduli and Poisson coefficients of the chitin protein nanofibrils and of the 
mineral-protein matrix, using the volume fraction ch listed above. Secondly, the 
mechanical properties of the orthotropic lamina (Figure 5.3) were found as 
standard for a composite material (Berthelot 1999), by (a) using the Voigt model 
to obtain the Young's modulus E1 along the fibre direction (direction 1 in Figure 
5.3 parallel to fibre direction) and the Poisson's constant 12, and (b) obtaining 
the Young's modulus E2 and the shear modulus G12 perpendicular to the fibre 
direction (direction 2 in Figure 5.3), with the Reuss model. The shear modulus 
of the fibre, which is a part of the expressions above, was calculated by 
knowing the volume fraction of the nanofibrils (fibril = 0.22). The shear moduli of 
the fibre and of the matrix (Gfibre and Gmatrix) were calculated by using the 
expression valid for isotropic linear elastic material (Equation 72). 
 

12
E
G            (72)  
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Figure 5.3 - Laminate composite model. (a) Schematic figure showing a 
single lamina made of fibres aligned along the direction 1 and embedded in a 
matrix. The thickness of each lamina is 0.1 µm. (b) Schematic figure of a 
plywood laminate. A quasi-continuously orientated structure made of 100 
laminae (only 7 laminae were shown for convenience) is used for the analyses. 
The rotational angle between consecutive laminae considered for the analysis is 
1.8 degrees.     
   
After calculating the homogenised material properties for the lamina, the 
experimental Bouligand structure was approximated by applying the lamination 
theory to a 10 μm thick laminate (Raabe, Sachs et al. 2005), containing 100 
laminae with an angular quasi-continuous distribution of plies (1.8 degrees 
between two consecutive laminae, from -90° to 90°). The main formula which 
links the loading to the deformation state of the laminate is the Equation 58, 
where N represents the 2 uniaxial forces (Nx and Ny) and the shear Nxy acting in 
the plane of the laminate (directions x-y), Mx and My the 2 static moments acting 
along directions x-y, and the torque Mxy. [A], [B] and [D] are the stiffness 
matrices of the laminate, while [ε] represents the strains and [] the curvatures 
of the laminate. Under the assumptions of lamination theory (Berthelot 1999) 
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the curvatures are neglected, and with N = [Nx, 0, 0] as the experimental load 
for uniaxially applied tension, the laminate strains can be calculated from 
Equation 73. 
1 A N                     (73)
  
A can be calculated with the Equation 74. 
   


n
k
kk
k
ijij
hhQA
1
1                  (74) 
 
Where the matrix [Q]ij is the assembled matrix of the laminate and hk represents 
the distance of the kth lamina from the mid-plane of the laminate. Once the 
laminate strains are obtained, the strain vectors in each lamina frame is 
calculated by multiplying [] with the transformation matrix Tϵ previously shown 
(Equation 71).                
 
The reorientation was calculated as laminar shear strain divided by 2, as per the 
Figure 5.4. Analytically, this results in the expression for angular reorientation 
(xx) (Equation 75):  
 
2
12  xx          (75)
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Figure 5.4 - In –plane angular reorientation of lamina under shear strain. a) 
Undeformed configuration. b) Deformed configuration. Dashed line is used for 
undeformed configuration. The fibre reorientation  was calculated as ε12/2, 
where ε12 is the engineering shear strain in the hypotheses of small 
displacements. All the strain components are rotated in the reference frame of 
each lamina. Hence, the strain components along and perpendicular to the 
fibres direction do not contribute to reorientation.       
 
 
5.2.3 Analytic 3D X-ray diffraction intensity distributions for 
interpenetrating nanofibre networks 
Figure 5.5 shows the experimental protocol for in situ tensile testing during 
synchrotron XRD experiment, and the relation of X-ray diffraction geometry to 
the underlying nanofibre organization. Tergite specimens from the stomatopod 
(Figure 5.5a) cuticle embedded in two orthogonal orientations (Figure 5.5b) are 
deformed during synchrotron XRD (Figure 5.5c), leading to the acquisition of a 
series of XRD patterns. The microstructure of cuticle consists of in-plane fibres 
in a twisted plywood arrangement known as Bouligand layers (green fibres, 
Figure 5.5d), interpenetrated with perpendicularly oriented pore-canal fibres 
(blue fibres, Figure 5.5d). The basic microstructural unit in each scattering 
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volume element is therefore a combination of in-plane fibres (IP) (forming 
Bouligand plywood layers) and  bundles of out-of-plane (OP) fibres (from the 
pore-canals) (Figure 5.3d) (Raabe, Al-Sawalmih et al. 2007). Here, both micro 
units as variations of an underlying planar fibre distribution w() (Figure 5.5e 
and Appendix C, Table A.1-II), with the Bouligand (IP-) phase corresponding to 
fibres equally oriented in all directions in the lamellar plane, and the pore-canal 
(OP) fibres oriented principally in one direction (along the pore) were 
considered. As the plane of the fibres in the sample may be oriented at nonzero 
angles to the principal coordinate axes of the lab-frame, I denote  and  (with 
respect to 
L
zq and 
L
yq  axis respectively) as the Euler tilt angles of the plane with 
respect to the lab coordinate system (Figure A.3).  
 
These micro-units are themselves comprised – at the nanoscale - of chitin fibres 
(Nikolov, Fabritius et al. 2011), made of -chitin molecules arranged in a fibre-
symmetric manner around the fibre axis (Figure A.1). As a consequence, the 
diffraction intensity of the (hk0) reflections (such as the equatorial (110) peak) 
can be represented in reciprocal space as rings (Zhang, Paris et al. 2016) and 
the (00l) reflections (such as the (002) peak) as paired spots. To show the 
intensity distribution on the reciprocal space as a function of 3D orientation, a 
polar-sphere-like representation is used. The X-ray diffraction (XRD) intensity 
pattern corresponding to the model will be the 2D Ewald surface intersection 
with 3D volume of reciprocal space scattering intensity (Figure A.2). Different 
spheres correspond to different reflections, and the spherical intensity variation 
correlates to the 3D orientation distributions of IP and OP fibres. As the full 3D 
intensity variation on the different reciprocal spheres cannot be fully captured 
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using a 2D detector at a single orientation, here my coworkers used two 
orthogonal tensile test geometries together with modelling to fully capture the 
deformation and reorientation information for both IP and OP fibres (Figure 
5.5b and 5.5d). Both the (002) and (110) reflections can be used to calculate 
the axial and radial fibrillar deformation respectively as well as orientation for 
the chitin fibres, but in this initial workonly results on the (002) reflection are 
presented. 
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Figure 5.5 - Stomatopod tergite cuticle and experimental in situ XRD 
protocol. (a) Image of a stomatopod. (b) Schematic of a single abdominal 
segment, which is sectioned into tensile test sections along the long axis of the 
animal. Lower schematics show the tensile test sample embedded in dental 
cement, with the direction of X-ray beam into the page. The two colour codes 
(blue and dark red; colour online) indicate different faces of the cuticle. Blue is 
normal to the cuticle surface, and red is the plane parallel to the cuticle surface. 
The rectangular-shaped sections are oriented in two directions when embedded 
in the dental cement holders (L1: X-ray normal to cuticle surface and L2: X-ray 
parallel to cuticle surface). (c) Schematic of in situ tensile testing of cuticle 
specimens during synchrotron XRD, with example 2D XRD pattern on detector. 
The specimen was hydrated in artificial sea water during the in situ testing. (d) 
Higher magnifications schematic of the cuticle section, showing the relation of 
the X-ray beam to the fibrous microstructure in the L1- and L2-configurations. 
Green fibre layers (colour online) represent the twisted plywood Bouligand 
lamellae (in-plane or IP-fibres), and blue cylinders the chitin fibres in the pore-
canals running perpendicular to the cuticle surface (out-plane or OP-fibres). (e) 
The foregoing schematic is simplified to show the two groups of fibre 
distributions inside a scattering volume, and their orientation with regards to the 
cuticle surface. 
 
 
Figure 5.6a show the geometry of IP and OP fibres in the L1 configuration. 
Figure 5.6b shows how, for the (110) reflection, constructive interference of the 
(hk0) rings from the IP fibres leads to peaks only at the poles perpendicular to 
the intersection plane between QS(110) sphere representing the reciprocal 
space and Ewald sphere (a detailed explanation of these concepts is provided 
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in Appendix B) (Al-Sawalmih, Li et al. 2008, Zhang, Paris et al. 2016). 
Therefore, the intensity variation of (110) reflection from the major fibre 
component (IP) is not captured by the detector (Zhang, Paris et al. 2016). 
Concurrently, for the (002) reflection, the paired diffraction spots from individual 
fibres lead to rings parallel to the qy-qz plane due to the Bouligand distribution of 
the IP fibres (Figure 5.6c). In this study, the (002) reflection will be used to 
calculate the deformation and reorientation of IP fibres in the L1 configuration. 
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Figure 5.6 - Diffraction data analysis. (a) Schematic showing the in-plane and 
out-of-plane chitin fibre distributions inside cuticle for L1 configuration (rotated 
by 90 with respect to figure 5.1e). (b) From the combined fibre distributions, the 
predicted intensity distributions of the (110) reciprocal lattice vector on a 3D 
sphere, based on the model described in Section 2. (c) Likewise, the model-
based intensity distributions of the (002) reciprocal lattice vector on a 3D 
sphere. (d) A representative experimental 2D diffraction pattern from tergite 
cuticle (L1 configuration). Both (110) and (002) reflections from alpha chitin are 
indicated. (e) Azimuthally averaged intensity profiles showing the sharp (002) 
and broad (110) peaks. (f) Radially averaged azimuthal profiles for (002) and 
(110) reflections, showing non-uniform angular texture. 
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These complex distributions in reciprocal space can be represented analytically. 
Consider the Bouligand lamella to be oriented in the 
L
z
L
y qq  plane (indicated 
with green fibres in Figure 5.6a). For a single fibre, the intensity distribution in 
reciprocal space can be written as in Equation 76.  
     
2
0
002 2
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, , exp
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I q q q q
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The scattering vector q is given by
2
2
sin
4222 


zyx qqqq  ,  the Bragg 
diffraction angle for the Miller index of (002) and q(002) the width of the (002) 
ring in reciprocal space (an analogous expressions for the (110) reflection is 
given in SI). The full XRD intensity is obtained by a weighted integration of the 
intensity in Equation 76 over all possible fibre angles in the lamella, and these 
3D spherical intensity distributions are plotted in Figure 5.6b-c. To obtain the 
intensity profile on the detector, the 3D reciprocal space distribution is 
transformed to 2D detector coordinates (q,) (transformation equations in 
Appendix C, Table A.1 V). For a uniform fibre distribution w() = w0 in the 
lamellar plane (which represents Bouligand lamellae with fibres in the sub-
lamellae at all possible angles), by taking the asymptotic limit of small q(002), it 
is possible to obtain a closed form of the azimuthal intensity profile (Equation 
77). 
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where  (002) (002)/q q    is a parameter denoting the relative width of the (002) 
ring (  002q  is the reciprocal lattice vector corresponding to the (002) peak) and χ 
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is the azimuthal angle with respect to 
L
zq  axis inside the intersection plane 
between the Ewald sphere with the QS(002) sphere. The width of the ring is a 
measure of the degree of misorientation of fibrils within a fibre at the nanoscale; 
fully parallel fibrils will lead to =0. Details of the integration, transformation 
equations and asymptotic limit are in Appendix C: Tables A.1 I-III and 
accompanying text. In the aligned state (where   =   = 0°) and the Bouligand 
plane is parallel to the lab-frame, it is clear that the intensity of the (002) ring will 
be constant as a function of azimuthal angle , with a value shown in Equation 
78. 
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In Figure 5.6d an example 2D XRD pattern is shown in the L1-orientation, with 
the (002) and (110) reflections indicated, whose peaks are shown on a radial 
profile in Figure 5.6e. Azimuthally resolved intensity plots are shown for these 
reflections in Figure 5.6f. A clear angular variation of intensity is observed in 
both subplots, which, when taken together with Figures 5.6b-c, implies slight 
nonzero value of the tilt angles  and , and these tilts will be quantitatively 
determined in the following subsections. Shifts in the (002) peak positions 
(Figure 5.6e) will (in an angularly resolved sense to be described in the next 
section) be linked to the strain along the fibre axis (εf) induced by the tensile 
loading.  
 
When the cuticle is deformed, a priori expectations are that the fibre 
distributions (both IP and OP) will undergo both (i) nanoscale axial deformation 
along the fibres and reorientation of the fibres in the Bouligand plane (changing 
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the planar fibre distribution w()), as well as (ii) an overall angular movement of 
the Bouligand layer itself (change in  and ) at the mesoscale. While the 
analytic relations given previously are applicable in the general case, for the 
specific case considered here, where the fibre plane is nearly aligned with the 
lab-principal axes, it is possible to proceed via a simpler two-step 
approximation. First, given that the Euler tilt angles  and  are small to start 
with, the deformation of the fibres in the Bouligand plane can be obtained from 
the 2D XRD pattern in the same manner as would be for an un-tilted 
configuration. This step will provide the nanoscale strain and reorientation, and 
enable us to track the change in the fibre orientation distribution during the 
loading process, and is described in the next subsection.  
 
 
5.2.4 Fibre mechanics in the Bouligand lamellae match laminate theory 
predictions at nanoscale 
An averaged tensile stress-strain curves for the tergite cuticle is shown in 
Figure 5.7a, showing a linear increase of tissue stress with strain with a slight 
downward curvature evident at strains >0.6-0.8%. Concurrently, the radial peak 
profiles for the (002) reflection show shifts; for the direction parallel to the 
loading direction, to smaller wavevector (Figure 5.7b) implying a tensile 
deformation of the chitin fibres. Figure 5.7c shows the schematic of the 
plywood lamellae. The strain in the different sublayers of the Bouligand lamellae 
was calculated from shifts in the angularly resolved profiles of the (002) peak, 
and plotted in Figure 5.7d. The result shows that chitin fibres which orientated 
close to the tensile direction (   0° - 40°) exhibit a positive strain as the stress 
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increases, while fibres orientated further away (60° - 90°) from the tensile 
direction showed a negative strain (Figure 5.7d). In the transition region (40° - 
60°) the chitin fibres showed no significant strain increments compared to the 
other regions. The experimental data appear to lie in three groups: 0-40: 
tension, 50-60: no change; 70-90: compression. 
 
The in-plane deformation and reorientation then were calculated using classical 
lamination theory (details of the lamination theory are provided in Section 5.2.1) 
to compare with the experimental results obtained from WAXD patterns. The 
plywood structured tergite sample was treated as a laminate comprising 100 
Bouligand sublayers (laminae). The reinforcement (fibre) was considered to be 
the mineralised chitin fibre, and the continuous phase (matrix) was taken to be 
the mineral-protein composite. The fibre orientation in different laminae rotates 
around the normal axis of the whole laminate to match the plywood structure 
of the cuticle. Using initial estimates of the chitin, mineral and protein material 
properties and relative volume fractions from previous work (Nikolov, Petrov et 
al. 2010, Ogawa, Hori et al. 2011) the deformation (Figure 5.7e) of each lamina 
inside the whole laminate (Bouligand 1972, Grunenfelder, Suksangpanya et al. 
2014) was calculated from an analytical formulation. Even without any 
parameter fitting of the literature values to the data, good qualitative agreement 
is observed between Figures 5.7d-e, although the deformation of the on-axis 
fibres is somewhat less in the experimental case than in the model. Fitting the 
model to the data as a function of the volume fraction, fibre moduli and other 
parameters is in principle possible in future work.  
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Figure 5.7 - In-plane deformation and reorientation of chitin nanofibres 
under L1 tensile configuration.  (a) An average stress and strain curve 
obtained from tensile tests. The results were averaged from five specimens. (b) 
Shifts in position of the (002) peak to smaller wavevector during tensile testing, 
showing elongation under tensile load. (c) Schematic representing the different 
sublamellae, parameterised by the angle   90 . (d) The anisotropic 
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experimental fibre strain (εf) from sublamellae oriented at different, ranging 
from 0 to 90, as a function of the increasing applied tissue stress (T). Tensile 
deformation of fibres along the loading direction ( ~ 0) and compression of 
fibres perpendicular to the loading direction ( near 90) were observed. (e) 
Angularly resolved fibre strains predicted from a laminate model of the 
Bouligand layer, showing a similar trend as the experimental data. (f) Lamina 
reorientation calculated from the model, showing maximum fibre reorientation at 
 45 . Extent of fibre reorientation is very small (< 0.1 at maximum). 
 
Generally, the fibre orientation distribution changes can be determined by 
tracking the angle-resolved I(χ) changes for the (002) reflection during tensile 
loading. The experimental results show that the normalised diffraction intensity 
is increasing in the angular region close to the tensile direction and decreasing 
in the angular region away to the tensile direction. However, the angle-resolved 
I(χ) changes can result both from in-plane fibre reorientation (from lamination 
theory) and the overall 3D tilting of the Bouligand lamellae. Therefore, the 
lamination model was used to factor out the in-plane reorientation effect. 
 
From the modelled deformation of each lamina, it is possible to obtain the in-
plane fibre reorientation (Equation 75). Under load, the angular intensity 
distribution is expected to narrow in width, as the fibres reorient towards the 
tensile axis. To describe this analytically, on application of a perturbing stress, 
a fibre originally at   reorients to  according to the relation shown in Equation 
79 (more details are in Appendix D).  
  f
~           (79) 
 
where 0/
~    is a dimensionless perturbation parameter (0 = 100 MPa; as 
the experimentally observed ranges of stress are T < 100 MPa, and f()<< 1, 
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 f~ is a small parameter). The new angular distribution (under stress) is 
denoted w(). Using first order perturbation, conservation of fibre number, and 
an initially uniform fibre distribution in the cuticle lamella w0 = 1/, it is possible 
to show that the changed distribution function is given by Equation 80. 
 
     2cos,,,~210 pcpc EEBww          (80) 
 
Where B is a dimensionless function (obtainable from composite laminate 
analysis) of the cuticle material parameters. The angular change is, similarly, 
   2sin
~B  which implies zero angular shift for fibres oriented parallel 
( = /2) and perpendicular ( = 0) to the loading direction. Using the same 
model parameters as used to predict the deformation of each layer, B can be 
calculated and the angular reorientation plotted (Figure 5.7f). It turns out that in 
this particular material (cuticle) the in-plane reorientation and change in 
orientation function is very small (angular changes of the order of 0.01). 
 
In this way, by using the parameters from fitting the fibre deformation in Figure 
5.7c (with model results in Figure 5.7d), the changed fibre orientation 
distribution function at a given stress was obtained – as long as the stress 
remains below the elastic limit point of validity for laminate theory. While in the 
particular case of cuticle considered here the change of orientation function was 
negligible, in other layered composites like armored fish scales much larger 
reorientations have been observed via small-angle X-ray scattering 
(Zimmermann, Gludovatz et al. 2013). In general, the change in reorientation 
function will not necessarily be negligible in large-deformation scenarios, or in 
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deformation of very soft materials, where the ratio between stiffness of the 
reinforcing fibres and the surrounding matrix is very large (Barbieri and Pugno 
2015). 
 
5.2.5 Parametric analysis 
A parametric analysis was performed to verify the effect of change of single 
parameters on the fibrillar strain distribution in each layer of the plywood 
structure (Figure 5.8). 
 
Figure 5.8A shows that as the fibril volume fraction increases the strain carried 
in the laminae laying between 0° and 50° also increases. The laminae at 60° 
and 70°, instead, seem to be neutral to this change while the laminae at 80° 
and 90° feature a slight increment of compressive strain. Overall, the model is 
less sensitive to the change of fibril volume fraction. Indeed, following my 
assumption of biphasic model made of fibrils and matrix, even at low values of 
fibrils volume fraction, the contribution of the matrix (made of highly stiff mineral 
spherules with a Young’s modulus of 37 GPa) to the mechanical properties of 
the entire system, are predominant.. 
 
In contrast, the effect of variation of the Young’s modulus of mineral particles 
(Eacc) on the strain distribution in the plywood model (Figure 5.8B) is very 
significant. For lamellae angularly arranged between 0° and 50° the gradient of 
curves is negative and higher for lower values of Eacc. Again, the lamina at 60° 
has a near zero gradient versus Eacc while the laminae between 70° and 90° are 
characterized by a positive gradient although they remain under compression. 
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For instance, the lamina at 0° passes from a strain of 2% for Eacc = 1 GPa to a 
strain of 0.5% for Eacc = 10 GPa. Overall, the model is more sensitive to 
variations when Eacc is low. At Eacc = 20 GPa the curves start following an 
horizontal asymptote.  
 
A similar description is valid for the set of curves parametrised with respect to 
the Young’s modulus of chitin (Ech) (Figure 5.8C). However, in this case, curves 
show lower gradients. Indeed, the 0° lamina deforms under tension of 0.5% for 
Ech = 1GPa and of almost 0.3% for Ech = 10 GPa. Also these curves follow a 
horizontal asymptote starting roughly from Ech = 20 GPa. The lower sensitivity 
of the model to the changes of Ech rather than of Eacc was expected. Indeed, in 
the rule of mixture that I applied, the matrix has been set with a volume fraction 
of 0.78 while the fibrils of 0.22. Since chitin is the main component of the fibrils 
and the mineral spherules are the main component of the matrix, it is clear that 
the mineral spherules will have a higher influence on the mechanics of the 
system which is, therefore, extremely sensitive to the change of their Young’s 
modulus. 
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Figure 5.8 - Parametric study showing the strain distribution in the 
plywood simulated structure for an external applied stress of 51.2 MPa. 
The parametrised variables are A) the fibril volume fraction, B) the Young’s 
modulus of mineral spherules and C) the Young’s modulus of chitin.   
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5.2.6 Mesoscale reorientation shows layer alignment to tensile direction 
The stress-altered fibre reorientation function w() can now be inserted into 
Equation 77 to factor out the in-plane nanoscale reorientation, enabling the 
mesoscale Euler tilt angles  and  to be fitted as functions of applied stress 
and strain (as stated in the previous section, for cuticle the change in w() is 
negligible). Specifically, four experimentally levels of tissue stress (0, 17.1, 34.1 
and 51.2 MPa) were selected from the stress/strain curve of a cuticle sample. 
By applying these stress-levels to the laminate, the fibre-deformation and 
reorientation can be calculated using the laminate model equations (Section 
5.2.1). Subsequently, the modified orientation function w() (Equation 80) was 
obtained, and used in Equation 77, allowing a fit of the 3D orientation 
parameters (tilt angles  and ).  To show the predicted diffraction model 
sensitivity to the tilt angles, Figure 5.9a and d show the deviation of the 2D and 
1D intensity profiles (1D for (002) only) from a straight line due to nonzero but 
very small  = 2 (with no change in  or in the Bouligand layer fibre orientation 
function). Figures 5.9b and e show the diffraction intensity changes with a 
small  tilt while  =0. Figures 5.9c and f show that a combination of   and  
tilt can split the information acquired on the diffraction ring. It is clearly observed 
that major deviations from isotropy are observed for quite small  and   angles.  
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Figure 5.9 - 3D tilting of in-plane fibres under tensile loading.  (a)-(c) The 
rings represent sections of the 3D spherical intensity distributions shown in 
figure 5.2, for both (002) (inner ring) and (110) (outer ring). Rings are colour 
coded for intensity levels. The different images in (a) – (c) represent different 
orientations (via the tilt angles , ), shown via the schematic of the Bouligand 
layer (green fibres; colour online) inside the ring. Yellow axes and fibre 
distribution represent the untilted ( =  = 0) reference state. (d)-(f) 
Corresponding azimuthal intensity plots I() for the 2D intensity sections, with 
the horizontal reference line in each plot denoting the untilted configuration. (g) 
Stress-strain curve for a representative cuticle sample, with symbols I-III 
denoting from where the three azimuthal intensity curves in the following section 
(h) are taken. (h) Azimuthal intensity plots from points I-III in (g), vertically 
translated for representational clarity only. Solid lines denote fits to the 
analytical model (Equation 77). (i) Tilt angles  (left abscissa) and  (right 
abscissa) as a function of tissue strain, for the sample shown in (g), obtained by 
fits to the analytical model. A decrease of the off-axis tilt angle, indicating load-
induced alignment of the Bouligand layer toward the tensile axis, is observed.    
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The qualitative reasoning for this sensitivity arises because there are two 
competing small parameters: the term 




42
2
sin
4 22 q







in Equation 77 and 
width  002q  of the (002) ring in the qx direction. Small movements of the cuticle 
layer will rapidly bring the intensity of the (002) ring into and out of the Ewald 
intersection (Figure 5.6c), resulting in a high sensitivity to angular changes. 
This feature, though fortuitous (it would cease to hold for large reciprocal lattice 
vectors q or  wavelength ), is useful in practice, as the changes in the angles 
themselves are expected to be quite small in linear elasticity, so having large 
changes in the intensity distribution for small angular changes improves fit 
sensitivity. Figure 5.9h shows the experimental I() plots, and fitted curves, for 
three points I-III on a typical stress-strain curve of cuticle (Figure 5.9g). By 
fitting  and  over the whole strain range (Figure 5.9i), it is observed that  
(denoting the deviation from the stress axis) reduces from ~2 to > 1 on 
application of load, with a similar change in  of about ~1. Such a change in  
is as expected, as under tensile load the Bouligand plane would align toward 
the loading direction. 
 
 
5.2.7 Pore canal fibres compress whilst Bouligand fibres extend under 
loading 
So far, the approach presented by my coworkers and I has considered only the 
deformation and reorientation of the IP fibre which is the majority phase of the 
interpenetrating nanofiber network. The OP fibres (Appendix B, Figure A.1f 
and Figure 5.5d and e) interpenetrating the Bouligand layer via the transversely 
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running pore canals will also contribute intensity on the QS(110) and QS(002) 
spheres. In the case of L2 geometry, the regions of (110) and (002) intensity 
arising from IP and OP fibre contributions are all captured in the detector 
(Figure 5.10a-b). It is seen that the intensity peaks of (002) reflection for each 
phase are nearly orthogonal to each other (IP- and OP-arrows in Figure 5.10c), 
permitting determination of peak changes in each phase individually. The 3D 
tilting of the lamellae plane in the L2 geometry can be directly determined using 
the (110) reflection and the associated model diffraction functions (Appendix C, 
Table A.1V). 
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Figure 5.10 - The mechanical response of out-plane fibre from L2 
configuration.  (a) The intensity distributions on QS(110) sphere corresponding 
to in-plane and out-of-plane fibres. (b) The intensity distributions on QS(002) 
sphere corresponding to in-plane and out-of-plane fibres. (c) The intensity 
distributions of (110) and (002) reflections on the intersection plane of the Ewald 
sphere and QS(110) and QS(002) spheres. (d)The azimuthal intensity 
profile I(χ) for (110) and (002) reflections. (e)The deformation for both in-plane 
fibre and out-of-plane fibres as a function of tissue strain (εT) during the L2 
tensile test. 
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The trace intersection of the Ewald sphere with the reciprocal lattice spheres is 
shown for (002) and (110) in Figure 5.10c. Figure 5.10d indicates the 
allocation of peaks for IP and OP fibres in the I(χ) curves. In Figure 5.10f, the 
strain increments for both pore-canal fibre and the IP fibre within the Bouligand 
lamellae are plotted against tissue strain. The result show that the OP fibre also 
exhibits a linear compressive response up to ~ -0.15 % (~0.6% tissue strain), 
shortly before the level at which macroscopic yielding and failure is observed 
(0.8%). It is clear that this phase of the nanofibre network (the pore-canal fibres) 
bears load and is expected to contribute to the overall mechanical properties. 
The corresponding reorientation dynamics of  and  deduced from the 
azimuthal angle changes of (110) reflection is shown in Figure 5.10e, and 
again, reorientation of the tilt angle  to smaller values (~6.5 to 4.5) is 
observed, upon application of load. 
 
5.3 Discussion and Conclusion 
In summary, I  determined, together with my coworkers, the 3D deformation and 
reorientation of two interpenetrating nanofiber networks in crustacean 
(stomatopod) cuticle, by developing a mathematical model to predict the 3D 
reciprocal diffraction intensity changes of (110) and (002) reflections of α-chitin 
fibres for two orthogonal diffraction geometries, in a combined in situ 
synchrotron mechanical test with X-ray diffraction. Taking advantage of the fibre 
symmetry, the deformation and reorientation at different hierarchical levels of 
the crustacean cuticle including the whole Bouligand fibre lamellae and pore-
canal fibre bundles (mesoscale), each sub-lamellae (microscale) can be 
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quantitatively determined by simple experimental design with the assist of 
analytical formulae. As seen in Figures 5.7 and 5.9, my coworkers find that the 
method is highly sensitive to both strain and angular changes as induced by 
stress, as the X-ray azimuthal pattern changes significantly for shifts of less 
than one degree, and strains are typically less than 1%.  
 
This method clearly overcomes the limitation of 2D XRD patterns in capturing 
3D diffraction intensity changes in reciprocal space through a modelling 
approach, whilst other structural characterization methods (reviewed in the 
introduction) require time-consuming sample rotations and raises concern of 
radiation damage to the samples. Therefore it is very suitable for in situ or in 
operando study in materials science, when the deformation and orientation 
dynamics of crystalline phase is strongly correlated to the material function. In 
addition, I also employed the lamination theory simulation to decouple the 
intensity changes due to the in-plane anisotropic strain-induced reorientation 
effect from changes resulting from the 3D tilt of the whole Bouligand lamellae 
during the tensile test (Figure 5.7).  
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Figure 5.11 - Schematic of in situ determination of 3D strain and 
reorientation in nanofibre networks of cuticle. Left: Molecular/nanoscale-
level strain and orientation from unit-cell lattice spacing changes and c-axis 
direction in the chitin fibril. Middle: Correlated reorientation and strain of 
nanofibre layers at the mesoscale. Right: Compression of orthogonal nanofibre 
network in pore canals, and 3D reorientation of Bouligand lamellae. Solid 
arrows indicate sequence of steps in the current work; dashed arrows show the 
reverse procedure, which is in principle possible. 
 
 
One other interesting aspect of this method is that the decoupling of strain and 
reorientation between 2D and 3D is potentially reversible. By this I mean that by 
obtaining the 3D reorientation information in one specific diffraction geometry 
(e.g. L2), the (,) parameters could be determined first, and accounted for in 
the model for I() (Equation 77), which would enable the purely in-plane 
187 
 
deformation and reorientation to be determined. Consequently, in an inverse 
problem approach (analytical or numerical), the results can thereby be inserted 
back into (for example) lamination theory simulations to deduce the material 
properties of different nanoscale components (Figure 5.11). This will be very 
helpful in identifying the material properties of components in nanostructured 
bio-composites like amorphous minerals or proteins which are difficult to 
characterise individually.  
 
A characteristic of this approach is that it is applicable to any fibre network with 
molecular level fibre symmetry and (partial) crystalline order, and does not 
require the existence of special additional symmetries of periodicities at higher 
length scales (between 10-100 nm) such as in collagen (Gupta, Seto et al. 
2006). As such this approach is especially suitable for fibre-based biological 
composites. Indeed, where a clear hierarchy of structural levels do not exist (in 
contrast to biological materials), and in situ mechanics are not needed, methods 
like 3D X-ray structural microscopy (Larson, Yang et al. 2002), which use 
sample rotation and aperture scanning, may be more appropriate. Strain 
evolution in nanocrystals can also be determined from coherent diffraction 
imaging (Yang, Huang et al. 2013), but such methods are usually focused on 
single particles rather than assemblies of them. Further, the approach 
presented here, to determine both real-time orientation and strain changes in 
3D, can be applied to more complex systems even when the deformation and 
reorientation is small. 
 
The angle–dependent deformation of fibres, shown to be consistent with 
lamination theory assuming a continuous distribution of fibre orientations, sheds 
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light on the underlying mechanisms enabling elasticity and toughness. The 
tensile elongation of fibres along the loading direction, transitioning to a 
compression perpendicular to the load, implies a strong interconnection 
between sublayers in the Bouligand lamellae. These interconnections are most 
likely the transversely–running pore-canal fibres (Nikolov, Petrov et al. 2010) 
which “stitch” the Bouligand fibre layers together. The smooth angular transition 
between rotating sublayers of the Bouligand structure (or sub-lamellae in the 
term used in bone) most likely accentuates the strong interconnection and 
increased toughness (Weaver, Milliron et al. 2012, Grunenfelder, 
Suksangpanya et al. 2014). The obtained results further highlights the 
mechanical importance of the pore-canal network, as a compressive strain in 
the pore-canal fibres, nearly equal in magnitude to the tensile strain in the 
Bouligand layer, is developed (Figure 5.10f, reaching a maximum magnitude of 
~0.15 %). These results demonstrate that the pore-canal fibres also bear load, 
and support the concept of an interpenetrating, mechanically interlocked double 
network of fibres.  
 
The importance of the interfibrillar matrix (mineralised protein) in enabling shear 
transfer between fibres is shown by the differences between the tissue and the 
fibre strain (a ratio of F/T ~ 0.4). Analogous interfibrillar shearing has been 
observed for the mineralised collagen fibres in bone with similar ratios from 0.4-
0.6 (Gupta, Seto et al. 2006, Zimmermann, Schaible et al. 2011) which 
suggests this is a generic feature of mineralised fibrillar bio-composites. Prior 
work has implicated mechanisms such as sliding and rotation of fluoroapatite 
nanorods in the cuticle of the dactyl for its high fracture resistance (Amini, Masic 
et al. 2014). In contrast, the results I achieved together with my coworkers on 
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the chitin deformation provide information on the mechanisms of the organic 
fibres rather than the mineral, both of which are expected to play coupled and 
essential roles in determining material properties.   
 
In relation to prior multiscale modelling work on cuticle (Nikolov, Petrov et al. 
2010, Nikolov, Fabritius et al. 2011), such methods provide effective elastic 
properties at multiple length scales, from the molecular to the microscopic. 
Because the experimental probe conducted by my coworkers reports 
deformation and reorientation rather than effective moduli, a one-to-one 
comparison with multiscale models is not straightforward. A combination of such 
multiscale modelling and the current experimental method (especially at the 
microscale and above, where the honeycomb motif is integrated into the 
Bouligand structure) will be needed for a comprehensive structural 
understanding. 
 
A weakness of the current experimental approach is that the XRD signal is an 
average of the patterns in both exo- and endocuticle in the L1 geometry, whose 
Bouligand layers have different stiffness, densities and ordering (Neville 1993). 
However, this is a limitation of the current sample-preparation protocol rather 
than the diffraction reconstruction method itself, and in future, sample 
preparation methods like focused ion beam milling or laser microdissection 
could enable isolation of distinct tissue regions. Also, as my coworkers focus on 
the crystalline diffraction signal from the chitin fibres, they do not separately 
account for the mineral phase deformation. The deformation of the fibres must 
therefore be interpreted as that of a mineralised chitin fibre. In L2 geometry, 
mineral reflections (corresponding to calcite) were observed only in the outer 
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parts of the tergite exocuticle, consistent with prior work on lobster cuticle 
showing calcite to be present only in the outer 50 m (Al-Sawalmih, Li et al. 
2009). The importance of different mineral chemical structures for impact 
resistance (e.g. fluoroapatite versus hydroxyapatite) has been shown before, 
and in the future (Amini, Masic et al. 2014) analysis of peak shifts of mineral, 
possibly in combination with spectroscopy (for the noncrystalline region) could 
shed light on the mineral phase mechanics.  
 
In summary, using the in situ experimental results obtained by my coworkers, I 
explored the multiscale mechanisms of deformation in the chitinous cuticle of 
crustaceans. The cuticle has attracted considerable interest as an advanced 
bio-material, being the basic building block underlying several biological 
adaptations to sensation (Erko, Younes-Metzler et al. 2015) vision and impact 
resistance (Weaver, Milliron et al. 2012, Amini, Masic et al. 2014) inspiring 
development of bio-inspired composites. By showing explicitly the linkage 
between the diffraction intensity and the 3D multiscale deformation, both in the 
experimental results and the analytical formulae derived, this approach provides 
a template to apply this nanomechanical method to understand structure-
function relations in these functionally diverse specializations.  Furthermore, the 
presented method can be applied to study the correlation between structure and 
functional performance for biological and synthetic materials compromising 
crystalline and textured nanorod, nanofibres and nanoplatelets during in-situ or 
operando tests. Revealing the mechanisms of how the 3D structural changes of 
the crystalline components induce material functionality transformation hence 
will shed light on the designing of functional composites in different industries. 
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6 Multi-hit damage and perforation of metallic plates inspired 
by the attacks of the mantis shrimp 
 
6.1 Introduction 
Numerous studies reported the mechanisms of the impacts in biological 
structures. For instance, Butler and Kirbynson (Butler and Kirbyson 1979) 
described the hammering strategy that the Haematopus bachmani (black 
oystercatcher) adopts to separate the two valves of the oyster. They found that 
the bird uses its bill firstly to perforate the shell of the oyster and finally to sever 
the adductor muscles of the mollusc to prevent it from providing resistance. 
Other studies (Carlin and Gladstein 1989, Gronenberg 1995, Patek, Baio et al. 
2006) focused on the smasher function of ant mandibles to catch preys and to 
defend against other ants. Ants use the mechanical energy stored in the 
mandible closer muscles to capture preys but also as propulsion to jump over 
competitor and escape. Deer fighting represents another example of biological 
impact (Currey, Landete-Castillejos et al. 2009) and high fracture toughness 
(Gupta, Krauss et al. 2013, Hang, Gupta et al. 2014). These animals, in fact, 
use their antler in the battles to gain access to female and defend (Clutton-
Brock 1988). Although most of impact energy is absorbed by the neck muscles, 
antler contributes to locally dissipate energy and is designed to resist high 
impact loading without fracture. Similarly, antelopes, gazelles and goats 
(Kitchener 1987) use their horns as impact-resistant weapons for defence and 
offence.  
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The Odontodactylus scyllarus (subphylum: Crustacea, order: Stomatopoda, 
family: Gonodactylidae) (Figure 6.1) is one of the around 500 species of mantis 
shrimp that have been discovered.  This crustacean possesses a very effective 
visual system (Cronin and Marshall 1989, Cronin, Caldwell et al. 2001, Thoen, 
How et al. 2014) and uses its hammer-like appendages to hunt and defend its 
burrows. The mantis shrimp’s fast and powerful strikes can smash and 
perforate the shells of prey, like crabs, and snails which kill these animals 
instantaneously (Dingle and Caldwell 1969, Caldwell and Dingle 1975, Caldwell 
and Dingle 1976). 
 
Figure 6.1 - The attack of the Odontodactylus scyllarus, commonly known 
as mantis shrimp. A) A resting Odontodactylus scyllarus. The white circle 
highlights the appendage that the animal uses for hunting. B) Lateral view of the 
raptorial appendage in a resting position showing the morphology and 
nomenclature of the elements: d, dactyl; p, propodus; m, merus; s, saddle; c, 
carpus; v, meral-V. C) Lateral view of the appendage impacting the prey. As a 
result of the attack a cavitation bubble arises between the dactyl (marked as d 
in figure 1b) and the surface of prey.  
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The high speed of strikes (23 m/s) is possible thanks to a rapid release of 
elastic stored energy in a click-joint power amplification mechanism (Patek, 
Nowroozi et al. 2007, Zack, Claverie et al. 2009, Claverie, Chan et al. 2011) 
made of flexor and extensor muscles which store a minimal amount of energy 
(Burrows 1969, Burrows and Hoyle 1972, McNeill, Burrows et al. 1972), a 
specialised saddle-shaped spring which is able to store 10% of the total elastic 
energy and a set of mineralised sclerites which are the structures where most of 
energy is stored (Patek, Korff et al. 2004, Patek, Rosario et al. 2012, Tadayon, 
Amini et al. 2015). Due to the extreme speed of these strikes, combined with 
their location underwater, cavitation occurs between the appendages and hard-
shelled prey (Burrows and Hoyle 1972). First, the mantis shrimp impacts the 
target with its appendage determining a zone of low pressure (cavitation) in the 
fluid between the club of the appendage and the surface prey. Cavitation 
consists in the formation of bubbles as consequence of force acting upon a 
liquid, and their collapse generates large-amplitude shock waves, associated 
with the release of energy in the form of heat, noise and luminescence 
(Brennen 2013). Specifically, cavitation occurs at the interface between a solid 
structure and flow when nuclei containing small amount of gas become unstable 
and grow due to reduction of ambient pressure. This condition is verified during 
the mantis shrimp’s attack due to the separated flow generated by the fast 
rebound of the dactyl after hitting the prey. The collapse of the cavitation bubble 
provokes a second impact, twice weaker than the first impact (Patek and 
Caldwell 2005). A previous research (Patek and Caldwell 2005) reported the 
intensity of the strike forces (approximately 480 and 240 N) and their time 
separation (≈ 0.5 ms). 
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Explaining how these biological structures can absorb or dissipate impact 
energy without significantly damaging themselves (only the dactyl club which is 
the impacting region of the appendage suffers damage but its tissues are 
replaced during moulting) is a  challenge for scientists. It is well known that the 
hierarchical organisation is the key success for the high toughness of bio-
composites (Aizenberg, Weaver et al. 2005, Meyers, Lin et al. 2006, Wang and 
Gupta 2011). In these structures every level, from the nano- to the macro-scale 
length, contributes to the improvement of the mechanical properties of the total 
design through a set of mechanisms of deformation and energy dissipation. In 
fact, the basic constituents at the nanoscale are brittle minerals (with strength of 
30 MPa and toughness << 1 MPa/m2) and ductile proteins (with strength of 20 
MPa) while the strength and fracture toughness measured at the macro-scale 
are up to 10 times higher than those of the initial constituents (Ji and Gao 
2004). Two different approaches can be used to explore the fracture toughness 
mechanisms of the mantis shrimp’s cuticle. The first one is based on 
understanding the contribution of material properties to structural toughness, 
while the second one focuses on comprehending the kinetics and dynamics of 
energy transfer.  The first approach has been significantly followed. A study 
(Weaver, Milliron et al. 2012) gave a  understanding of the high damage 
tolerance of the dactyl clubs. The results suggested that the helicoidal 
architecture and the material properties are keys to the success of this 
biological hammer. Other researchers (Amini, Tadayon et al. 2015) presented a 
study on the impact surface regions of the dactyl club of the crustacean. Their 
results indicated that both the outer and the inner parts of the club include 
mechanisms to prevent the macroscopic failure of the club and to absorb impact 
energy, such as interfacial sliding and rotation of fluorapatite nanorods. 
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Grunenfelder et al. (Grunenfelder, Suksangpanya et al. 2014) tested a set of 
carbon fiber-epoxy composite panels inspired by the helicoidal structure of the 
crustacean’s dactyl club. Their experimental and numerical tests demonstrated 
that the helicoidal design is fundamental to enhance the residual strength and 
the capability of composites to absorb damage energy, and prevents crack 
propagation through the thickness of samples. 
 
Although there is considerable work on the reasons for the high fracture 
toughness of the cuticle of the mantis shrimp (Weaver, Milliron et al. 2012, 
Amini, Masic et al. 2014, Amini, Tadayon et al. 2015) as well as on other 
species of cuticle (Raabe, Sachs et al. 2005, Raabe, Romano et al. 2006), there 
are fewer studies that analyse the kinetics and energy transfer of the impacts 
(Patek, Korff et al. 2004, Patek and Caldwell 2005, Claverie, Chan et al. 2011). 
To my knowledge, there have been no studies  focused on whether the mantis 
shrimp uses an effective strategy to maximise the damage on the prey. Inspired 
by the double impact phenomenon observed during mantis shrimp predation, 
this study presents finite element simulations of single and multiple (double and 
triple) impacts to discover the best strategies to damage the target. 
 
Damage is a physical process of deterioration when materials are subjected to 
loading. It consists, at the microscale level, in the accumulation of microstresses 
nearby defects or interfaces and breaking of bonds, in the growth and 
coalescence of microcracks into one crack (mesoscale level), and in the growth 
of the crack (macroscale level) (Lemaitre 2012). Although with different physical 
structures, all materials (such as metals, alloys, polymers, composites, 
ceramics, rocks, concrete and wood) show the same qualitative mechanical 
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behaviour on the meso and macro-scales. The first stage includes an elastic 
response, then yielding with an accumulation of plastic strain, anisotropy 
induced by strain, cyclic hysteresis, damage by monotonic loading or by fatigue, 
and crack growth under static or dynamic loads (Lemaitre and Desmorat 2005). 
Metallic targets feature damage mechanisms such as plastic deformation, 
plugging, spalling, scabbing, petalling, fragmentation, ductile hole enlargement 
and cavitation (Goldsmith 1999). In particular, during multiple impacts, initially, 
plastic deformation may take place once the von Mises stress exceeds the yield 
strength on the impact surface. Strain hardening then occurs, the yield strength 
possibly equals the fracture strength and no further plastic deformation will 
occur. At this point, the material becomes brittle, and the successive impacts39 
can remove part of the impacted surface. Understanding the mechanism of 
damage accumulation and material removal, even in the simplest scenario of 
spherical particles impacting a flat surface at normal incidence, is a difficult task 
(Woytowitz and Richman 1999).  
 
The energy dissipated during the process of damage can be quantified by 
performing finite element impact simulations. Commercial finite element 
software, such as Abaqus (Hibbett, Karlsson et al. 1998) , allows to compute 
the damage energy dissipated during collisions of objects. The computation is 
based on the ‘erosion method’ which requires a set of input parameters to 
define when the damage starts occurring and how the damage curve evolves (a 
finite element is removed from the system when its stiffness reduces to the 
point that its load-carrying capability becomes null). It is clear that a complete 
characterization of the stress-strain curve of the material is necessary to 
implement this method. So far, such detailed and sufficient level of information 
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for the dactyl of the mantis shrimp is not available. Accordingly, impact 
simulations were performed, modelling a spherical bullet hitting a flat target, 
both made of aluminium, a generic but well established material suitable for the 
implementation of the erosion method through finite elements simulations.  
 
A significant amount of numerical studies on impacts between metallic projectile 
and metallic targets analysing different geometrical configurations and materials 
is available in literature (Gupta, Ansari et al. 2001, Khan, Ansari et al. 2003, 
Gupta, Iqbal et al. 2007) but very few studies focused also on the effects of 
multiple bullet-impacts on metallic plates. An interesting study (Hong, Ooi et al. 
2008) analysed the effect of multiple shots on metallic targets (with a thickness 
there time higher than the diameter of the spherical bullet) parametrizing the 
separation distance between impacting points, velocities of successive hits and 
separation time between two consecutive impacts. As a result, the authors 
found that these parameters affect the residual stress distribution of the target 
and specifically that the depth of the region where residual stresses develop 
increases as the number of hits and their velocity increases. No difference 
between the residual stress distributions caused by two sets of distinct double 
shots occurring at a separation distance equal to the diameter of the spherical 
bullet was found. However, as soon as this distance reduces, a larger 
magnitude of the maximum residual stress was found. Furthermore, the effect 
of different time delays between two impacts was studied (specifically, 2, 5, 10 
and 20 μs). As a result, no particular difference between the residual stress 
profiles was found for these tests at different time delays.  
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Similarly, the shot-peening process was simulated through 3D finite element 
simulations of impacts between rigid spherical bullets and metallic plates 
(Meguid, Shagal et al. 1999). The effect of shot velocity, bullet shape and 
separation distance between two simultaneous hits. The authors found that the 
decrease in the aspect ratio of the ellipsoidal bullet provokes an increase of 
depth of the target where residual stresses arise. Furthermore, it was shown 
that the dynamic of simultaneous indentations at different locations of the target 
are similar to those obtained from single shots. The shot peening process (Frija, 
Hassine et al. 2006) involving simultaneous and numerous impacts was also 
numerically (FE simulations) analysed by measuring the superficial damage on 
the metallic target. The study shows that the damage of the target increases as 
the friction coefficient (Coulomb friction model) that models the interaction 
between spherical bullets and flat targets increases. 
 
The aim of my study is to quantify the damage energy dissipated by the target 
and to reveal which are the most damaging sequences of consecutive impacts 
and their optimal time delay. Due to high complexity of the cavitation 
phenomenon I neglected it and I assumed all the strikes to be mechanical 
(caused by the physical interaction of the solid impactor and target). In other 
words, I supposed that the effect of a cavitation implosion can be represented 
by a second mechanical impact between two solid objects. The obtained 
knowledge can be valuable, for example, in designing safer protective armours. 
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6.2 Numerical modelling 
6.2.1 Geometrical and elasto-plastic properties 
The geometrical model includes a rigid spherical projectile and a flat target, 
made of an elastoplastic material. The Johnson-Cook model (Johnson and 
Cook 1983) was used to characterise the hardening and the damage process of 
the material here assumed to be aluminium alloy A2024-T351 (in the Appendix 
E there are the details of the model and in Table A.2 the parameters). The 
target is clamped on its lateral sides while different values of velocities are 
conferred upon the sphere (Figure 6.2). Moreover, no fluid-structure interaction 
is considered and impacts occur in vacuum. 
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Figure 6.2 – Model for multiple impacts analysis made of a spherical bullet 
and a flat target. The figure is representative of two impact analyses where: A) 
the bullet travels with the imposed velocity Vimposed1, reaches the target and B) 
bounces back with a non-controlled velocity Vreturn1. C) The bullet is then 
stopped for a desired interval of time and D) travels back toward the target with 
an imposed Vimposed2. Once the bullet hits the target for the second time, E) it 
bounces back with a velocity Vreturn2. F) The simulation is finally stopped.  
 
Three different diameter values for the projectile (4, 5 and 6 mm), approximating 
the size of the dactyl that an adult of mantis shrimp employs for its attack (which 
is ~ 4 mm (Amini, Tadayon et al. 2015), and a square target (l = h = 24.12 mm, 
w = 0.5 mm) were used. The target reproduces the size of the flat sensor used 
for experiments (Patek and Caldwell 2005). The impact, in the model, is caused 
by a projectile that moves at an initial constant velocity Vimposed1, hits the target 
for the first time, bounces back with a velocity Vreturn1 and immediately is halted 
(in the simulation, zero velocity) for a desired time (the time delay ΔT between 
consecutive impacts). Once the bullet has stopped for the necessary time, the 
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simulation can either terminate (single impact) or continue (multiple impacts), by 
assigning the bullet with the second impact (projectile velocity = Vimposed2) and 
eventually with the third impact repeating the steps described before (Table 
6.2). In detail, the ΔT is the difference in time between two consecutive 
bullet/target surface contacts. The density of the material is 2700 Kg/m3 
(Mabrouki, Girardin et al. 2008).  The mass is constant for a specific bullet size, 
and hence the kinetic energy related to the impacts depends only on the 
velocity, which can be used as a proxy for the energy. 
 
6.2.2 Material and failure model 
The Johnson-Cook model was also used to define the damage properties of the 
material of the target (in the Appendix E there are the details of the model and 
in Table A.3 the parameters). Johnson-Cook is an empirical model which 
considers the effect of high strain rates, large strain, high temperature and 
pressure on materials under dynamic loading conditions. Figure 6.3 shows a 
stress-strain curve in the presence of damage. 
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Figure 6.3 - Example of stress-strain response in the presence of damage. 
A first linear pattern (curve a-b) is followed by yielding (point b) and by the strain 
hardening curve (b-c). When damage initiates (point c), the stress-strain curve 
starts showing strain softening. During damage evolution, loading/unloading 
curves follow the slope (1-D)E, where D is the variable indicating the level of 
damage and E Young’s modulus. The material completely fails at point e. For a 
generic finite element at the evolution point d, the area highlighted by red and 
horizontal lines represents the inelastic strain energy per unit of volume; the 
area highlighted by green and vertical lines is the damage dissipated energy per 
unit of volume while the area highlighted by blue and oblique lines is the elastic 
strain energy per unit of volume.      
 
The path a-b (Figure 6.3), representing the initial elastic response of the 
material, terminates at the plastic yielding point and is followed by the strain 
hardening curve (b-c). The damage initiation (𝜔𝐷 = 1), occurring at the point c, 
marks the beginning of a state of stiffness degradation, which ends when the 
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material is fully damaged (point e). The damage phenomenon, in fact, is 
characterised by a reduction of the material stiffness to the value of (1-D)E, 
where D ranges from 0 to 1 and is the dimensionless damage variable which 
decreases the material load-carrying capacity. In my simulations the evolution 
trend of the curve from the onset of the damage (point c) to the rupture (point e) 
was considered to be linear (linear softening) and the failure was defined by 
displacement. This value is 0.045 mm and was calculated by multiplying the 
value of the percent elongation at failure (12%) for the A2024-T351 aluminium 
alloy by the characteristic dimension of the single finite element (diagonal). At 
any given time during the analysis, the stress condition in the material is 
described by a scalar Equation 81, where ?̅? is the effective or undamaged 
stress tensor or, in other words, the stress that would exist in absence of 
damage and that would follow the undamaged curve d’ (Figure 6.3). 
  1 D     (81) 
  
When D = 1 a finite element loses all its load-carrying capacity. It is then 
removed from the model, and its contribution to the mass of the structure is 
eliminated. 
 
6.2.3 Analysed configurations 
The short time-duration force pulse caused by cavitation (in the biological 
system) is considered, in this work, as simply a second mechanical impact. The 
reason for this simplification is because simulating the damage that cavitation 
bubbles can cause upon collapsing is a very challenging modelling problem due 
to the unsteadiness of the phenomenon and of the interaction between fluid and 
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material (Brennen 2013) and it is beyond the scope of my simulations. 
Furthermore, it is important to note that although the damage is related to the 
energetic absorptive properties of the material, cavitation is independent of solid 
material behaviour. 
 
The analysed configurations and the symbols to indicate the sequence of hits 
are listed in Table 6.1. 
 
Number of impacts Symbols Configuration 
Single - 1 single 
Double 
== 2 equal 
↑↓ 1st strong 2nd weak 
↓↑ 1st weak 2nd strong 
Triple 
=== 3 equal 
↓↑↑ 
1st weak 2nd strong 3rd 
strong 
↑↓↓ 
1st strong 2nd weak 3rd 
weak 
↑↓↑ 
1st strong 2nd weak 3rd 
strong 
↓↑↓ 
1st weak 2nd strong 3rd 
weak 
↑↑↓ 
1st strong 2nd strong 3rd 
weak 
↓↓↑ 
1st weak 2nd weak 3rd 
strong 
Table 6.1 - Analysed configurations and list of symbols associated with 
them. 
 
We analysed different dynamics characterised by various impact velocities. All 
the settings with the related velocities, are shown in Table 6.2. 
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1 IMPACT 
Bullet size [mm] 3 4 6 
Velocity [m/s] 
(E = Kinetic 
energy) = 2.27 J 
345 225 122 
2 IMPACTS 
Bullet size [mm] 3 4 6 
== [m/s] (0.5 E) 244 244 159 159 86 86 
1st ↑ (0.67 E) 
2nd ↓ (0.33 E) [m/s] 
282 200 184 130 100 70 
1st ↓ (0.33 E) 
2nd ↑  (0.67 E) [m/s] 
200 282 130 184 70 100 
3 IMPACTS 
Bullet size [mm] 3 4 6 
=== [m/s] 
(0.33 E) (0.33 E) 
(0.33 E) 
199 199 199 130 130 130 70 70 70 
1st ↓ (0.2 E) 
2nd ↑ (0.4 E) 
3rd ↑ (0.4 E)[m/s] 
154 218 218 101 142 142 55 77 77 
1st ↑ (0.5E) 
2nd ↓ (0.25E) 
3rd ↓ (0.25 E) [m/s] 
244 172 172 159 113 113 86 61 61 
1st ↑ (0.4 E) 
2nd ↓ (0.2 E) 
3rd ↑ (0.4 E) [m/s] 
218 154 218 142 101 142 77 55 77 
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1st ↓ (0.25 E) 
2nd ↑ (0.5 E) 
3rd ↓ (0.25 E) [m/s] 
172 244 172 113 159 113 61 86 61 
1st ↑ (0.4 E) 
2nd ↑ (0.4 E) 
3rd ↓ (0.2 E) [m/s] 
218 218 154 142 142 101 77 77 55 
1st ↓ (0.25 E) 
2nd ↓ (0.25 E) 
3rd ↑ (0.5 E) [m/s] 
172 172 244 113 113 159 61 61 86 
Table 6.2 - Simulated configurations for single and multiple impacts with a 
fixed total kinetic energy E = 2.27 J. 
The minimum damage energy value, in the case of one impact and 4 mm 
spherical projectile (corresponding to a sphere velocity of 225 m/s) for which I 
observed a condition of partial damage, was 2.27 J. In this configuration the 
bullet provokes an hole and bounces back (a situation of partial damage is, for 
example, shown in Figure 6.5b). I considered this as a ‘limit condition’ between 
visible damage (high damage with complete perforation of the target, Figure 
6.5a) and not visible damage (minimum damage with no perforation, Figure 
6.5c) and I used it as basis of comparison with other simulations. Thus, the 
value 2.27 J was used to define, for all the configurations, the total kinetic 
energy of the projectile. In fact, watching the footages elaborated by the finite 
elements software was the first, fast and intuitive way to estimate the different 
dynamics and damage mechanisms qualitatively. The velocity values for the 
strong and weak impacts were calculated specifying that the sphere kinetic 
energy for the strong impact was twice as the one of the weak impact 
(Equation 82). Furthermore, I assumed that the sum of the kinetic energies 
related to the impacts is conserved and equal to the reference value 𝐸𝑘
∗ = 2.27 
J, as shown in Equation 83. 
 2 2
1 1
2 
2 2
s strong s weakmV mV   (82) 
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Variable time delays between consecutive impacts of 0.0 (the value tends to 
0.0), 0.2, 0.4, 0.5, 0.6 and 0.8 ms were explored. The aim was to reproduce not 
only the mantis shrimp attack timing (0.5 ms) as found from experiments(Patek 
and Caldwell 2005), but also to explore different time delays within the same 
order of magnitude as the experimental value. The software used for simulation 
was Abaqus 6.13 - 3. The finite elements mesh was made of 43200 C3D8R (8-
node linear bricks, reduced integration, hourglass control) elements for the 
target and 2200 C3D8R elements for the projectile. These values were 
achieved after mesh convergence tests. Figure 6.4 shows the results from the 
mesh convergence test used to define the sufficient number of finite elements in 
the central region of the target which is the region mainly affected by the 
damage process.  
 
Figure 6.4 - Mesh convergence test for the central region of the target. A)  
The mesh was obtained after partitioning the geometry into many sub-regions. 
B) Mesh convergence analysis was performed for the case ‘single impact’ of a 4 
mm bullet. The test was achieved to define the sufficient number of finite 
elements in the central circular region (highlighted in red in Figure 6.4A) with a 
diameter equivalent to the diameter of the bullet. 
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The size of elements of the target radially increases (smaller at the centre of the 
target) in order to have a higher computational precision on the region where 
impacts occur. Specifically, I used an ‘approximate global size’ of 0.6 mm for 
both smaller edges at the centre of target and bigger edges at its extremities. 
For the sphere an ‘approximate global size’ of 0.28 mm was used. Furthermore, 
no friction coefficient was imposed to characterise the impacts but only normal 
behaviour (‘hard’ contact). 
6.2.4 Hertzian model for dynamic impacts 
A Hertzian model was implemented to explain how the penetration power of 
projectiles depends on their size.  In fact, it is possible to treat the dynamics of 
impacts as distributed applied static load by using the Hertz’s theory for elastic 
collisions (Davies 1949). Davies (Davies 1949) analysed the case of a sphere of 
radius R impacting a flat target of the same material. At the impact, in particular 
at maximum compression, a circular surface contact arises between the two 
bodies. I report the main equations to calculate the radius of this circle of 
contact at maximum compression 𝑎𝑚 (Equation 84), the maximum value of the 
total force 𝑃𝑚 (Equation 85), the mean normal pressure ?̅?𝑚 at maximum 
compression (Equation 86) and the pressure 𝑝𝑚
′  at the centre of the circle of 
contact at maximum compression (Equation 87). 
 
1
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𝜌 and E are  the density and the Young’s modulus of the material, 𝜈 is the 
Poisson’s constant, R is the radius of the contact circle and V is the velocity of 
the bullet. Furthermore, the normal pressure distribution, p, can be computed as 
function of size, material and velocity of the bullet, distance from the center of 
the contact surface r and radius of circle of contact (Equation 88). 
 
 2 2
' m
m
m
a r
p p
a

   (88) 
6.3 Results 
6.3.1 Maximization of damage under particular impact combinations 
The structural changes in the target can be divided into three classes 
corresponding to the size of the impactor bullet: high damage for the 3 mm 
diameter, partial damage with the formation of a central hole but without 
penetration in the case of 4 mm, and minimum damage for the 6 mm bullet 
(Figure 6.5). 
 
210 
 
            
         
 
Figure 6.5 - Three different types of damage for the three sizes of the 
projectile. a) High damage: complete perforation with a 3 mm diameter bullet. 
b) Partial damage: the 4 mm diameter bullet bounces back after provoking a 
hole on the target. c) Minimum damage: non-penetrating damage with a 6 mm 
diameter bullet. Images are taken for generic double impact configurations and 
are relative to the last instant of the simulations.  
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In these results, the parametric dependency of damage on the interval between 
impacts as well as the impact protocol will be analysed. The choice of these 
parameters significantly affects the level of damage on the target. To show this 
more clearly, Figure 6.6 presents the damage induced for the ‘one/ two 
impacts’ simulations in a two-dimensional grid with the impactor size as the 
second independent variable, while Figure 6.7 summarises, analogously, the 
damage for the ‘three impacts’ configurations. 
 
 
Figure 6.6 - One/two impact configurations (kinetic energy 2.27 J). It is 
observed that for the intermediate impactor size, there are maxima for damage 
at two separate values of T = 0.2, 0.5 and 0.8 ms (black circles), while a 
similar behaviour is not observed for the other two impactor sizes. 
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Figure 6.7 - Three impacts configuration (kinetic energy = 2.27 J) in a log 
scale graph. 
 
On average, the highest values of damage dissipated energy were observed for 
a projectile diameter of 3 mm, displaying the highest penetration power of the 
smallest sphere, as expected (see Section 6.3.3.2), and the lowest penetration 
power of the biggest (Figure 6.7). In addition, as the highest standard deviation 
was found for the 4 mm bullet, it is possible to state that, for this impactor size, 
the results are very sensitive and strongly dependent on the different 
configurations (Figure 6.8). 
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Figure 6.8 - ‘Sensitivity analysis’ for the three sizes of the bullet. The 
values are obtained by averaging the damage energies from all the 11 
configurations for single and multiple impacts. The vertical lines represent the 
standard deviation of the values. The highest standard deviation is observed for 
the 4 mm bullet, showing the high scattering of results.  
 
6.3.2 Parametric damage dependency as function of bullet size 
For the 6 mm bullet (minimum damage) the values of damage dissipated 
energy are lower than the ones recorded for the 3 and 4 mm bullets. 
Furthermore, Figure 6.6 and Figure 6.7 do not show any peak or particular 
trend and all the values of damage dissipated energy (Ed) for single and 
multiple hits are included in the range 0.48 - 1.53 mJ, where the highest value 
corresponds to the one impact configuration (Figure 6.6). 
 
For the 4 mm diameter (partial damage) results indicate that the one impact 
configuration (Ed = 15.78 mJ) is the most damaging. Among the ‘two impacts 
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simulations’ the highest value of damage was found in correspondence of the 
dynamics that the mantis shrimp usually adopts to kill its preys: first impact 
strong followed by a second twice weaker strike, with a time delay of ≈ 0.5 ms. I 
notice, in this particular impactor size, an oscillatory pattern with multiple 
maxima in the damage for several different impact combinations. Specifically, 
the curve ↑↓ features an oscillatory pattern with three peaks in correspondence 
of ΔT = 0.3, 0.5 and 0.8 ms. Figure 6.9 shows different levels of plastic 
deformation and damage that occur with a 4 mm bullet, for three combinations 
of double impacts: a) ↑↓, b) ↓↑, c) ==. Among the three impact configurations, 
the highest damage value was found for ↑↓↑ (9.7 mJ) with a ΔT = 0.5 ms. 
 
For 3 mm projectile (high damage) it is more effective to split the kinetic energy 
into three impacts rather than concentrate it in one or two. In fact, the highest 
peak (Ed = 24.04
 mJ) was recorded for the configuration ↓↓↑ with a ΔT of 0.0 
ms. In the case of single impact the damage dissipated energy was 18.2 mJ. 
For triple impacts the lowest peak (Ed = 11.91 mJ) was recorded for the case 
↓↑↑ with a ΔT of 0.2 ms. 
 
 
Figure 6.9 - Double impact for 4 mm bullet, with a ΔT of 0.5 ms. Figures 
show the final instant (once simulations stopped) after the second impact. A) ↑↓. 
B) ↓↑. C) ==. Only for the configuration A) part of the target is detached from the 
structure once the bullet hits it for the second time.  
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6.3.3 Possible models to explain maximization of damage 
6.3.3.1 Modal analysis 
Modal analysis was performed to verify the existence and influence of 
resonance phenomena, which are able to amplify the response of the target and 
then the damage on it in case of double impacts. This standard analysis solves 
the eigenvalue problem, shown by Equation 89 (where ω2 are the eigenvalues, 
M is mass, K is stiffness and 𝛗 are the eigenvectors of the target; in bold as 
they are vectors), and allows to find the natural mode frequencies and the 
corresponding mode shapes of a structure (Ewins 1984).      
  2  0  M K φ   (89) 
Table 6.3 shows a comparison of the force frequency values and target natural 
mode frequency.  The force frequency was computed as number of impacts 
(two for this specific analysis) over the ΔT between the two collisions. As none 
of the force frequency values is equal or similar to the natural mode of the 
structure I am able to exclude that resonance phenomena occur on the target. 
 
Force frequency [Hz] Target natural mode frequency [Hz] 
10000 (for ΔT = 0.2) 28149 
5000 (for ΔT = 0.4) 23709 
4000 (for ΔT = 0.5) 15953 
3333 (for ΔT = 0.6) 15912 
2500 (for ΔT = 0.8) 7730 
Table 6.3 - Comparison between the force frequency values and the 
natural mode frequency values of the target. None of the values in the first 
column matches the ones in the second column (they are not even similar). 
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6.3.3.2 Pressure distribution from Hertzian model 
Equation 88 was used to plot the values of normal pressure p versus the 
distance from the center of impact r for the three examined diameters by using 
the velocity values relative to the single-impact configurations (345 m/s for the 3 
mm, 225 m/s for the 4 mm and 122 m/s for the 6mm bullet) (Figure 6.10). The 
Hertzian model is linear elastic and does not include plasticity deformation and 
damage mechanisms. Therefore, the graphs do not represent the real level of 
pressure occurring on the contact surface but are a useful tool to prove the 
higher penetration power of smaller projectiles. It is seen that (as expected) the 
smaller the projectile size the higher are the peaks in the pressure. 
Furthermore, the distribution of stress trends to concentrate toward the centre of 
the contact surface as the bullet becomes smaller, which is essentially as the 
area over which the bullet imparts contact stresses becomes smaller. 
 
Figure 6.10 - Pressure distribution for 3 sizes of the examined bullets. A 
smaller projectile size results in a higher pressure at the centre of the contact 
surface For smaller projectiles the zone affected by the impact reduces. The 
kinetic energy of impacts is constant and equal to 2.27 [J]. 
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6.3.3.3 Further simulations 
Having identified the  configuration as the impact scenario causing most 
damage among the double impacts for the 4mm bullet, I performed further 
simulations involving solely this configuration. This analysis was aimed at 
providing a further support to investigate the reasons of the peaks and 
oscillations observed particularly for the configuration ↑↓ and to check the 
influence of the geometry, stiffness and inertia of the target. Figure 6.11 shows 
the results for different scenarios representing: 
1) Different material properties: the original geometry with the only 
exception of the plate yield stress which was increased from 352 MPa to 
752 MPa. 
2) Smaller target: the original material properties for a modified plate: from 
(24.1 x 24.1 x 0.5) mm3, which are the original dimensions, to (12.05 x 
12.05 x 0.5) mm3. 
3) Larger target: the original material properties for a modified plate (from 
(24.1 x 24.1 x 0.5) mm3 to (30 x 30 x 0.5) mm3). 
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Figure 6.11 - Results for different material properties and sizes of the 
target. The examined configuration is ↑↓. Each curve shows the peaks-values 
in correspondence to T = 0.5 ms (blue circles), as already verified for the 
previous set of simulations (Section 6.3.1). 
 
I find that the time-interval between impacts (T = 0.5 ms) – identified 
previously as leading to the maximum damage (Section 6.3.1) – remains the 
interval leading to the maximum damage over all three parametric variations 1) - 
3) listed above. I believe that this provides a convincing clue that this time-
interval is optimal for a damaging strategy for the  (strong-weak) 
configuration.  
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6.4 Discussion 
This chapter presented a set of parametric finite element analyses aimed at 
computing the damage provoked by multiple impacts. The source of inspiration 
for these simulations was an adult Odontodactylus scyllarus, a predatory 
crustacean which possesses raptorial appendages capable of strong and quick 
strikes. In the case of the crustacean, because of the presence of a second 
cavitation induced collapse, the prey/target actually encounters two impacts (of 
the  variety (Patek and Caldwell 2005)) even though the impact of the dactyl 
club just occurs once. To mimic the damage that this type of impact would 
provide, I explored a purely impact-based scenario where the conditions for 
impact were varied around (in various parameters) the parameters found in the 
mantis shrimp strike. The aim was to capture the relevant mechanics rather 
than reproducing a "predator-prey" scenario. I tested three bullet diameters (3, 4 
and 6 mm) and six different time delays between consecutive impacts (0.0, 0.2, 
0.4, 0.5, 0.6, 0.8 ms) which approximate the sizes of the crustacean’s 
appendage and the timings of its assaults (Patek and Caldwell 2005, Amini, 
Tadayon et al. 2015). The kinetic energy of the bullet was kept constant at the 
value of 2.27 J and the energy was distributed among single or multiple impacts 
by changing the velocity of the bullet.  
 
Overall, three qualitatively different dynamics, associated with the three bullet 
sizes, were found (Figure 6.5):  
a) For the 3 mm diameter, the bullet hit and perforated the target. 
b) For the one of 4 mm, the bullet hit the target, led to a notable structural 
damage, typically a hole, and bounced back (‘partial damage’). 
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c) For the 6 mm diameter, the dynamics was characterised by minimal 
damage (the bullet bounced back without damaging the target by any 
great extent).  
In the case a), although the most damaging case was ↓↓↑ with a ΔT of 0.0 ms, 
on average, the split of energy did not have any effect on the qualitative 
outcome. In fact, the measured damage values were similar for single, double 
and triple impacts. In detail, the most damaging configuration was obtained with 
one impact (18.02 mJ), while, on average, the damage energy reduced by 4% 
for double and by 5% for triple impacts. For the configuration b), it was more 
effective to concentrate all the kinetic energy in one impact. In this case the 
amount damage energy dissipated by the plate was 15.78 mJ. Splitting the 
energy in two impacts the damage on the target reduced, on average, by more 
than ~70%, whereas it reduced by ~80% in case of three impacts.  For the 
dynamics c), the damage energy for a single impact was 1.53 mJ, while a 
reduction of ~20% in case of two impacts and of ~60% in case of three impacts 
was measured. 
 
Furthermore, by splitting the fixed kinetic energy of the 4 mm projectile in two 
amounts, results showed that the damage on the target was visible only for the 
configuration which reproduces the time-interval characteristic of mantis 
shrimps (↑↓, with a time delay of ≈ 0.5 ms), whereas in the case of ↓↑ impacts 
and ==, the sphere bounced back without visibly damaging the target. Modal 
analysis, moreover, allowed me to exclude the influence of resonance 
phenomena on the damage mechanisms of the target in case of double 
impacts. 
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I hypothesise that the dynamics of oscillations, which the target exhibits after 
the first hit, has an important influence over the measured deformation and 
damage. During multiple collisions, the stiffness, the boundary conditions and 
the dimensions of the target are critical in determining for its unloading process 
once the bullet bounces back. In fact, considering the collision to be perfectly 
inelastic, the dissipated energy (assuming no variation of potential energy) is 
shown by Equation 90. Ki and Kf are the initial and final kinetic energy of the 
whole system, m are the masses, v are the vectorial velocities before colliding, 
V is the velocity of both bodies after collision; the subscript p indicates the 
projectile and t the target. 
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 (90) 
I notice that the dissipated energy increases as the relative velocity between 
target and projectile increases. Therefore, the local velocity of the plate at the 
onset of the second or third collision affects significantly the amount of energy 
dissipated. In this sense, I hypothesise that the oscillatory motion of the plate is 
responsible for the different results obtained as ΔT varies. As demonstration of 
my previous statement, Figure 6.12 displays the velocity patterns of a node in 
the central part of the target for ΔT = 0.4 mm (no peak) and ΔT = 0.5 mm 
corresponding to a peak, in the ↑↓ configuration. 
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Figure 6.12 - Velocity curves of a single node on the central part of the 
target, for ↑↓ configuration. a) ΔT = 0.4 ms. b) ΔT = 0.5 ms. 
 
The velocity of the projectile in the current convention was negative when it 
moves towards the target. I found that positive velocity of the target (opposite to 
the bullet) corresponds to a peak on the damage graph and vice versa. In other 
words, when the bullet and the local oscillating portion of target impact with 
opposite velocities, it is possible to observe the peaks of damage dissipated 
energy values. These oscillations are induced by the imposed boundary 
conditions (the four sides of the target are clamped) and by the material and 
geometrical properties of the target. In the real scenario, one expects the shell 
of the preys (snails, crustaceans and fishes) to be less flexible and the 
oscillations to be less evident, but it is still possible to hypothesise that such 
oscillating non-stationary phenomena occur and may have a central role in the 
energy dissipation mechanism. 
 
6.5 Conclusions 
This set of parametric finite element simulations demonstrated the existence of 
optimal damaging dynamics in multiple sequential hits for an aluminium alloy 
target and, in particular, showed that a double-impact strategy, as used by the 
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mantis shrimp, is the most damaging among the double impacts. However, I 
would like to remark that the experimental measurements of ΔT (Patek and 
Caldwell 2005), investigating the behaviour of the mantis shrimp attack are 
affected by standard deviation that was not considered in this study. In addition, 
in a real scenario multiple bubbles may form and collapse at different times after 
the first impact. Therefore the dynamics of the animal attack was only the 
source of inspiration for this work. My aim was not to reproduce the real 
scenario but to verify the existence of best damaging strategies for a fixed 
amount of kinetic energy of the impactor. However, the arbitrariness of the 
assumption behind the model, coupled with my results, lead me to hypothesise 
that the shrimp may use an ‘optimal’ damaging strategy that may be quite 
general for materials. Specifically, only the heel of the appendage resembles a 
sphere (as modelled in my simulations) while the preys’ outer shells, usually 
snails, have complicated spiral geometries. In addition, the mineralised chitin 
composite constituting the shrimp’s dactyl as well as the highly mineralised 
nacre shells have different mechanical properties from aluminium (Meyers, Lin 
et al. 2008). Therefore, the fact that a different material pair leads to maximum 
damage at the similar time interval suggests that the kinetic mechanism for 
damage may even be partly material-independent. Further studies are 
necessary to confirm my hypothesis. For instance, it would be useful to 
experimentally measure the forces and the timing of the crustacean attacks for 
target of different materials, to discover if and how the animal adapts its strategy 
to the surface it faces. Simultaneously, it would be opportune to reproduce 
these experimental scenarios and quantify the damage by fluid-structure 
interaction simulations, to understand if the animal’s strategies are the most 
damaging. In fact, the use of optimization concepts are not foreign to biological 
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investigations, as for example applications of optimization theory and game 
theory to the evolutionary adaption in biology (Werner and Hall 1974, Stephens 
and Krebs 1986, Mangel and Clark 1988). 
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7 Conclusions and future developments 
 
This aim of this thesis was to investigate and analyse new mechanisms of 
deformation and energy dissipation at different length scale in hierarchical bio-
composites such as bone and arthropod cuticle (Chapter 1). These 
mechanisms combined with the intrinsic hierarchical design that these materials 
exhibit (Chapter 2) lead to improved mechanical properties (Ji and Gao 2004, 
Ritchie, Buehler et al. 2009, Launey, Buehler et al. 2010) and for this reason 
attracted the interest of scientists working in the experimental and modelling 
fields (Chapter 3).   
  
In Chapter 4 I presented a finite element model to examine the inelastic 
response of mineralised collagen fibrils in antler under cyclic loading. Results 
demonstrated that the hysteresis fibrillar behaviour is caused by the interfibrillar 
staggered configuration leading to localised plasticity while the heterogeneous 
stress patterns are due to the damageable cohesive interface between fibrils. 
The combination of these simulations and experimental data  (Gupta, Krauss et 
al. 2013) provides the necessary information to explain two mechanisms of 
deformation and energy dissipation at the fibrillar level in bone. The new 
insights may be of inspiration for the creation of new impact resistant materials 
with modern manufacturing processes.  
 
Recently, the fast growth of additive manufacturing allowed material scientists 
to create and analyse new complex materials. Previously, one of the main limits 
for the application of the bio-inspired principles to new materials was the need 
226 
 
of new manufacturing techniques. In fact, the traditional manufacturing 
techniques for composite materials were not sufficiently flexible and precise to 
incorporate the level of complexity that bio-inspired materials require. For this 
reason, only recently new studies are available in the field of 3D printed bio-
materials (Dimas, Bratzel et al. 2013, Libonati, Gu et al. 2016, Parwani, Curto et 
al. 2016). Previous studies already investigated the effect of staggering on the 
mechanical performances of 3D printed material. Dimas et al. (Dimas, Bratzel et 
al. 2013) provided a first attempt at utilizing additive manufacturing to create 
tough bio-inspired composites. Their interest focused on the fracture mechanics 
of staggered prototype showing that crack deflection is one of the main 
toughening mechanisms in such systems. Zhang et al. (Zhang, Heyne et al. 
2015) instead proved that the staggered configuration enhances the energy 
dissipated by 3D viscoelastic materials. Although this configuration attracts 
increasing interest, there is no evidence in literature of previous studies on the 
fatigue response of staggered materials. In fact, I believe that this design could 
be implemented to study the mechanics of 3D printed bone-like materials under 
cyclic loadings.  
 
In Chapter 5 I provided an analytical approach based on the lamination theory 
(described in details in the Appendix C) to compute fibre deformation and 
reorientation in arthropod cuticle. I believe that a similar method could be 
applied to other Bouligand structured materials such as bone, tendons and 
insects cuticle. Overall, the analytical formulation and experiments show that all 
the lamellae tend to rotate towards the tensile axis. On the contrary, recent 
studies (Zimmermann, Gludovatz et al. 2013) evidence that in another 
Bouligand structured material, such as the fish scale, under tensile loading 
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some groups of fibrils rotate towards the tensile axis while other sets rotate 
towards the opposite direction. These differences between similar Bouligand 
materials may be due to different material properties (for example higher 
stiffness of chitin compared to collagen fibres) but also to different interactions 
and deformation mechanisms between fibres and matrix. Investigating these 
mechanisms of deformation and reorientation, coupling different material 
models for fibres and matrix, may help to elucidate these differences. In 
addition, it would be of interest to create a modified version of the lamination 
theory which is able to analyse also the plastic behaviour of materials. This 
approach would allow me to compute the amount of energy dissipated by 
deformation and reorientation in these plywood materials providing an energetic 
quantitative analysis of these mechanisms. 
 
In Chapter 6, inspired by the mantis shrimp’s strategy, a set of parametric finite 
element simulations analysed the dynamics of a spherical bullet hitting a flat 
aluminium target exploring the effects of splitting a certain fixed amount of 
kinetic energy over multiple impacts. Results showed that the damage 
dissipated energy on the target is influenced by its oscillatory response. I 
believe that simulating these dynamic scenarios, reproducing the real structure 
and material properties of the mantis shrimp’s dactyl and of the preys’ shell, 
could unveil the existence of specific time delays between consecutive impacts 
that minimise the damage on the mantis shrimp’s club and maximise the 
damage on the target. These studies could be useful to determine optimum 
damaging strategies with multiple hits.  
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I also suppose that the shape of the target covers an important role in its 
dynamics response. The stomatopod uses its wavy tail (telson) (Figure 2.3) to 
defend against the violent attack of other shrimps. Firstly, it would be of interest 
to experimentally explore the structural and material behaviour of the telson to 
verify if differences with the tergite (abdominal section of cuticle) at the micro 
and nano-scale exist. Secondly, it may be opportune to investigate the role of 
the shape at the mesoscale (the highest hierarchical level). I suppose that in 
this case the undulated shape leads to different stress distribution and energy 
absorption if compared to the curved tergite. In this perspective, the paper of 
Patek and co-workers (Taylor and Patek 2010) could already give some 
suggestions. In fact, they performed impact tests on both the tergite and telson 
of the animal measuring the coefficient of restitution. They found that the telson 
operates mostly as a ‘punching bag’ rather than a ‘trampoline’ (that, instead, 
characterises the response of tergite) and it is able to dissipate 69% of the 
impact energy while the abdomen dissipates only the 55% (Taylor and Patek 
2010). In other words, the telson is able to plastically dissipate energy while the 
tergite behaves elastically returning most of the impact energy. This ability to 
dissipate energy may be due to the combination of material properties (for 
instance, the level of mineralization), geometry properties and mechanisms of 
energy dissipation occurring at multiple hierarchical levels. Unveiling these 
differences could be a fundamental key to discover new features potentially 
useful for the design of armours or protective human applications. 
 
The different shapes that telson and tergite feature may be of inspiration also to 
understand how, starting from the same basic constituents, different parts of 
cuticle evolved. For instance, one may hypothesises that initially the cuticle was 
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uniform and that reached the actual configuration through a process of 
evolution. It could be of interest to discover if natures adopts ‘buckling-
technique’ to obtain wavy geometries and to differentiate the shape in different 
zones of the same structural material. To prove this, buckling and post-buckling 
simulations of the complex structure of the tergite could be performed with the 
final aim of showing whether a telson-like structure can be obtained by buckling 
a tergite-like one. 
 
I also believe that the application of optimization and topological techniques, 
normally used for structural engineering application, could be a useful tool to 
comprehend in details whether Nature optimised the hierarchical structure in 
bio-composites and which are the criteria that are used. Specifically, whether 
the wavy shape of the telson is optimised for impact resistance and energy 
dissipation could be possibly determined. For instance, it could be opportune to 
discover what is the optimum ‘telson-like’ shape (for example, given by a 
particular sinusoidal function) for these aims. Yaraghi and co-workers (Yaraghi, 
Guarín‐Zapata et al. 2016) observed a fibrous herringbone (sinusoidal) pattern 
within the impact region of the dactyl club of the mantis shrimp with a 
wavelength of 45 µm and an amplitude that grades from 100 µm at the impact 
surface region (outer layer) to 50 µm at the inner layers of the impact region. 
They also performed finite element simulations combined with mechanical 
compressive tests on 3D printed prototypes to compare the ‘classical’ helicoidal 
with the herringbone structure. Results demonstrated that the herringbone-like 
structure is able to absorb up to 3.43 times more compressive energy than the 
helicoidal structure (Yaraghi, Guarín‐Zapata et al. 2016). These results confirm 
230 
 
that the structural shape covers an important role in stress distribution and 
consequently in energy absorption/dissipation.   
 
Inspired by the attack of the mantis shrimp, I believe that new insights could 
also arise from the investigation of the predatory behaviour of the animal. I think 
it may be fascinating to understand if the animal is able to sense the materials 
and structures is facing and adjust the speed of impacts to maximise the 
damage through cavitation effect. Mantis shrimp possesses an exceptional 
sensory system that plays a central role in its processes of learning and 
adapting (Cronin, Caldwell et al. 2006). In fact, like other crustaceans, it senses 
the external environment by flicking the antennules that extend quite far from its 
anterior region and also by using its large eyes that are located on mobile stalks 
driven by a system of muscles (Cronin, Caldwell et al. 2006). The antennules 
serve as chemoreceptors for feeding, sensing the presence of other animals 
and communicating (Mead, Wiley et al. 2003), while the eyes pre-process the 
information flows which are then transferred to central nervous system providing 
details about objects location, distance, motion and colours (Cronin and 
Marshall 2004). Whether this sensory system is optimised for the efficiency of 
the predatory sessions is still unknown but recent studies demonstrate the 
ability of the Stomatopod to learn and adjust the predatory strategy when facing 
different sizes of snails. In fact, Caldwell and Childress (Caldwell and Childress 
1990) found that the animal, placed in an aquarium with thick-walled snails, 
learnt how to smash their shells with progressively fewer strikes proving its 
tendency to learn and adapt the strategy of attacks to the size of target. These 
findings could support my hypothesis and encourage further studies in this 
direction. 
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Overall, the findings of my thesis could support the development of new 
concepts and new design for ballistic resistant body armours. The main function 
of body armours is to impede projectile penetration into human body or, more 
generally, to diffuse the impact energy. Therefore, body armours are created to 
be damage-resistant, lightweight and energy dissipating (David, Gao et al. 
2009). A key role for the achievement of these features is played by the material 
properties of their components and by the mechanisms of deformation and 
energy dissipation occurring at different length scales in their structure.  
 
The materials used for the creation of ballistic armours are mainly fabric, 
ceramics and laminated composites. Ballistic fabrics are usually made of 
interlaced natural or synthetic fibres. These systems dissipate the impact 
energy through fibre deformations and inter-fibre friction when sliding against 
each other. Typically, these armours are made of many layers to ensure that all 
the impact energy is dissipated and a projectile is stopped. The presence of 
many layers rather than a unique one introduces two additional effects leading 
to energy dissipation. The first one is the relative frictional sliding between the 
different layers, while the second one is the represented by the increased 
region where stress waves can travel, specifically, not only within a single plane 
but also through the thickness of the multilayer armour (Barauskas 2005). Bi-
layer ceramic armours, instead, are designed to take advantage of the 
mechanical impedance mismatch between a ceramic tile, which is the first layer 
exposed to the impact, and a backing plate, which is the underlying layer 
adjacent to the tile. For this type of armour, an impacting projectile provokes 
compressive stress waves that travel across the thickness of the ceramic tile 
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and that are reflected at the interface with the second layer due to the higher 
stiffness and mechanical impedance of the backing plate. The reflected waves 
are of tensile mode and act as a dumping mechanism for the other compressive 
waves. Therefore, the damage process and crack propagation mechanisms are 
controlled by the magnitude of the tensile stress waves in the ceramic layer and 
by the magnitude of the compression stress waves in the backing plate (Chen, 
Rajendran et al. 2007). Another important requirement is the mobility of the 
wearer which requires the armour to be lightweight. Laminated composites have 
been developed to satisfy this criterion. They are usually made of a ceramic 
hard layer connected either to a fibre reinforced or to an aluminium backing 
plate by an intermediate layer.  The frontal ceramic layer fulfils the function of 
blunting and breaking the incoming projectile while the backing plate dissipates 
the kinetic energy of the projectile (David, Gao et al. 2009). The breakage of the 
bullet provoked by the first layer causes an increase of the contact area with the 
supporting plate and, therefore, a reduction of the local pressure (Übeyli, 
Yıldırım et al. 2007). An important function is covered by the intermediate layer. 
Interesting studies have shown that an intermediate layer made of metallic foam 
increases the capability of absorbing the stress waves resulting from the 
impacts through a mechanism of foam densification (Gama, Bogetti et al. 2001) 
(Schaeffler, Rajner et al. 2005). 
 
Energy dissipation of armours can be improved also through specific internal 
micro-design. An interesting design was introduced by (Wynne 1998) who 
patented a multilayer armour made of many fabric layers and two flexible 
metallic plates with a pyramid-shaped surface designed to deviate and deform 
the projectiles. This design allows to increase the path of the projectile through 
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the thickness of the armour determining also an increment of the energy 
dissipated by the armour. In addition, the projectile is forced by the specific 
shape of pyramids to have a lateral sliding with the armour (Figure 7.1). This 
enhances the area of impact and reduces the local pressure.  
 
 
Figure 7.1 - Mechanism of deviation of a bullet in the pyramid-shaped 
armour designed by Wynne (Wynne 1998). 
 
As shown, the choice of materials and design at different length scale 
determines the effectiveness and the behaviour of armours. In this context, I 
think that the mechanisms of deformation and energy dissipation that I studied 
in my thesis could contribute to the development of new bio-inspired armours. 
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For instance, it would be interesting to understand whether the mechanism of 
fibre reorientation, such as the one studied in Chapter 5, increases the ballistic 
limit and the energy dissipated during impacts in multi-layer composite armours. 
Indeed, fibre reorientation not only involves the deformation of fibres (and 
therefore potential plastic deformation) but also relative sliding between matrix 
and fibre and, therefore, frictional dissipation of energy. In Chapter 4 I have 
shown that staggered arrangements of fibrils deforming plastically feature 
hysteretic energy mechanism of energy dissipation under tensile cyclic loading. 
The staggered design could be implemented to enhance the energy dissipating 
capability of composite bilayer armours where the external plate fails under 
tension, as explained above (Chen, Rajendran et al. 2007). Finally, the study 
presented in Chapter 6 has shown that an important role in dissipating the 
energy deriving from multiple impacts is played by the specific dynamics of 
impacts. This concept could be applied to find optimized damaging dynamics 
with multiple bullets. However, the final goal should be to stimulate the research 
of new solutions and design for safer armours. 
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Appendix 
A. Matlab scripts used to implement the laminate theory 
Some examples of the Matlab scripts developed and used for implementing the 
laminate theory (Chapter 5) are reported below. 
clc; clear all 
format short; 
%Lamina material data 
 
tply = 1e-7;                                 %ply thickness [m] 
s1=(-90:1.8:88.2);  %lamination sequence 
 
E_ch=60e9;  %cristallyne region of chitin inside the chitin protein nanofibrils 
fi_ch=0.31; 
ni_ch=0.25; 
E_prf=56e6;  %protein region inside the chitin protein nanofibrils 
fi_prf=0.69; 
ni_prf=0.28; 
E_acc=37e9;  %ACC spherules inside the mineral-protein matrix 
fi_acc=0.9; 
ni_acc=0.35; 
E_prm=570e6;  %Proteins inside the mineral-protein matrix 
fi_prm=0.1; 
ni_prm=0.28; 
fi_fibril=0.22; 
fi_matrix=0.78; 
%1st rule of mixture 
E_fibril=(fi_ch*E_ch)+(fi_prf*E_prf); 
ni_fibril=(fi_ch*ni_ch)+(fi_prf*ni_prf); 
E_matrix=(fi_acc*E_acc)+(fi_prm*E_prm); 
ni_matrix=(fi_acc*ni_acc)+(fi_prm*ni_prm); 
G_fibril=E_fibril/(2*(1+ni_fibril)); 
G_matrix=E_matrix/(2*(1+ni_matrix)); 
 
%2nd rule of mixture 
E1=(fi_fibril*E_fibril)+(fi_matrix*E_matrix); 
E2=1/((fi_fibril/E_fibril)+(fi_matrix/E_matrix)); 
G12=1/((fi_fibril/G_fibril)+(fi_matrix/G_matrix)); 
ni12=(fi_fibril*ni_fibril)+(fi_matrix*ni_matrix); 
ni21=ni12*E2/E1 ;          %Poisson's modulus 
 
 
%----------------------------------% 
nply=length(s1) ; 
t=nply*tply 
 
%Lamina stiffness matrix 
Q12(1,1)=E1/(1-ni12*ni21); 
Q12(2,2)=E2/(1-ni12*ni21); 
Q12(1,2)=ni12*E2/(1-ni12*ni21); 
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Q12(2,1)=Q12(1,2); 
Q12(3,3)=G12; 
 
T=cell(1,100); 
Ts=cell(1,100); 
Qxy=cell(1,100); 
 
for i=1:nply 
teta=s1(i); 
m=cosd(teta); 
n=sind(teta); 
 
T{i}=[ m^2  n^2   2*m*n 
       n^2  m^2  -2*m*n 
       -m*n m*n  m^2-n^2]; 
Ts{i}=inv(T{i}); 
Qxy{i}=Ts{i}*Q12*Ts{i}'; 
 
end 
 
if   rem(nply,2)==0  %n is even 
     h=(-nply/2:nply/2)*tply; 
 else 
     error('the number of plies is odd') 
end 
 
     A=zeros(3); 
     B=zeros(3); 
     D=zeros(3); 
 
     for i=1:3 
     for j=1:3 
     A(i,j)=(Qxy{1}(i,j)*(h(2)-h(1))); 
      B(i,j)=(Qxy{1}(i,j)*1/2*(h(2)^2-h(1)^2)); 
      D(i,j)=(Qxy{1}(i,j)*1/3*(h(2)^3-h(1)^3)); 
 
for  k=2:nply; 
     A(i,j)=A(i,j)+(Qxy{k}(i,j)*(h(k+1)-h(k))); 
     B(i,j)=B(i,j)+(Qxy{k}(i,j)*1/2*(h(k+1)^2-h(k)^2)); 
     D(i,j)=D(i,j)+(Qxy{k}(i,j)*1/3*(h(k+1)^3-h(k)^3)); 
end 
     end 
     end 
 
% if max(max(abs(B)))<1e-6 
     a=inv(A); 
      d=inv(D) ; 
% else 
%     error('the laminate is not symmetric') 
%end 
 
%%Laminate mechanical properties 
Ex=1/(a(1,1)*t) 
Ey=1/(a(2,2)*t) 
Gxy=1/(a(3,3)*t) 
nixy=-a(1,2)/a(1,1) 
niyx=nixy*Ey/Ex 
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%----------------------------------% 
 
st_tissue=[0,0.00345, 0.00599, 0.008848];      %from experimental data 
N2=[170.50;0;0]; 
N3=[341.00;0;0]; 
N4=[511.50;0;0]; 
N1=[0;0;0]; 
 
whole=[N1,N2,N3,N4]; 
 
st=A\whole; 
 
format long; 
st_1=st(:,1);    %laminate strain 
st_2=st(:,2); 
st_3=st(:,3); 
st_4=st(:,4); 
 
 
teta = 0:10:90; 
st_lam=cell(10,1); 
for i=1:numel(teta) 
  th = teta(i); 
 
   %lamina strain 
m=cosd(th); 
n=sind(th); 
 
 
R=[ m^2  n^2   m*n 
    n^2  m^2  -m*n 
    -2*m*n 2*m*n  m^2-n^2]; 
 
st_lam{i,1} = R*st; 
 
end 
 
 
figure 
for i=1:numel(teta) 
 
    hold on 
    E = {'k','b','r','g','y','m','c',[0.7 0.2 0.8],[0.1 0.4 0.5],[0.5 1 0.2]}; 
    title('epsilon laminate vs epsilon fiber') 
    xlabel('Epsilon laminate %','FontSize',11,'FontWeight','bold','Color','r') 
    ylabel('Epsilon fiber %','FontSize',11,'FontWeight','bold','Color','r') 
    plot(st(1,:)*100, st_lam{i,1}(1,:)*100,'-','color',E{i},'LineWidth',2.0) 
    
legend('0°','10°','20°','30°','40°','50°','60°','70°','80°','90°','Location','northwest'
) 
    %axis([0,0.15,-0.15,0.15]) 
     set(legend,'FontSize',7) 
     %set(gca,'xTick', 0:0.03:0.15) 
    %set(gca,'YTick', -0.15:0.03:0.15) 
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    hold off 
    disp('_____________________________________________________________') 
   for j=1:numel(whole(1,:)) 
       disp('--------------------------------') 
 
       for k=1:3 
          disp(['Angle = ',num2str(teta(i)),'°  Load = ',num2str(whole(1,j)),' N  Strain 
component # ',num2str(k),'   ',num2str(st_lam{i}(k,j))]); 
       end 
   end 
 end 
figure 
hold on 
for i=1:numel(teta) 
  plot(st_tissue*100, st_lam{i,1}(1,:)*100,'color',E{i},'LineWidth',2.0) 
    title('epsilon tissue vs epsilon fiber') 
    xlabel('Epsilon tissue %','FontSize',11,'FontWeight','bold','Color','r') 
    ylabel('Epsilon fiber %','FontSize',11,'FontWeight','bold','Color','r') 
    
legend('0°','10°','20°','30°','40°','50°','60°','70°','80°','90°','Location','northwest'
) 
    %axis([0,1,-0.15,0.15]) 
     set(legend,'FontSize',7) 
     %set(gca,'xTick', 0:0.1:1.0) 
    %set(gca,'YTick', -0.15:0.03:0.15) 
end 
hold off 
gamma=zeros(10,4); 
 figure 
 hold on 
 for i=1:numel(teta) 
     F={'.','.','.','.','.','*','p','>','<','o'}; 
     H={20,20,20,20,20,0.1,0.1,0.1,0.1,0.1}; 
    for j=1:numel(whole(1,:)) 
        gamma(i,j)=(st_lam{i}(3,j)/2)*57.3; 
    end 
    title('epsilon laminate vs reorientation [deg]') 
    xlabel('Epsilon laminate %','FontSize',11,'FontWeight','bold','Color','r') 
    ylabel('Reorietation [deg]','FontSize',11,'FontWeight','bold','Color','r') 
     %set(gca,'xTick', 0:0.02:0.16) 
    %set(gca,'YTick', 0:0.005:0.06) 
    plot(st(1,:)*100, -gamma(i,:),'-
','linewidth',2.0,'color',E{i},'marker',F{i},'MarkerSize',H{i}) 
    
legend('0°','10°','20°','30°','40°','50°','60°','70°','80°','90°','Location','northwest'
) 
    %axis([0,0.16,0.0,0.06]) 
     set(legend,'FontSize',7) 
 end 
 figure 
 hold on 
 for i=1:numel(teta) 
     F={'.','.','.','.','.','*','p','>','<','o'}; 
     H={20,20,20,20,20,0.1,0.1,0.1,0.1,0.1}; 
    for j=1:numel(whole(1,:)) 
        gamma(i,j)=(st_lam{i}(3,j)/2)*57.3; 
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    end 
     title('epsilon tissue vs reorientation [deg]') 
 xlabel('Epsilon tissue %','FontSize',11,'FontWeight','bold','Color','r') 
 ylabel('Reorietation [deg]','FontSize',11,'FontWeight','bold','Color','r') 
     %set(gca,'xTick', 0:0.1:1.0) 
    %set(gca,'YTick', 0:0.005:0.06) 
    plot(st_tissue*100, -gamma(i,:),'-
','linewidth',2.0,'color',E{i},'marker',F{i},'MarkerSize',H{i}) 
    
legend('0°','10°','20°','30°','40°','50°','60°','70°','80°','90°','Location','northwest'
) 
   %axis([0,1.0,0.0,0.06]) 
     set(legend,'FontSize',7) 
 end 
slope=zeros(1,10); 
 
 for i=1:numel(teta) 
 slope(i)=(gamma(i,3)-gamma(i,2))/(st(1,3)-st(1,2));%sign minus for our agreement 
 end 
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B. Experimental approach for reorientation and deformation 
calculations in cuticle 
This Appendix provides further information on the experimental work described 
in Chapter 5 and performed by Dr. Himadri Gupta and Dr. Yi Zhang. 
 
The experimental approach used to calculate deformation and reorientation in 
cuticle is described below (Figure A.1-A.3). 
 
Figure A.1 - Hierarchical structure of stomatopod cuticle and 
corresponding mechanical parameters. (a) Schematic of a chitin fibre which 
is formed by N-acetyl-glucosamine molecules arranged in an orthorhombic 
crystal structure and proteins. (b) A mineralised chitin fibre which contains 
multiple fibres arranged in random orientations. The c axis of the chitin unit cell 
is coincided with both of the fibril and fibre axis which can be used as a proxy of 
the axial deformation of the chitin nanofibres. (c) The deformation of the fibre 
plane composed of parallely arranged chitin fibres surrounded by protein and 
mineral matrix. (d) Schematic shows the in-plane rotation of mineralised chitin 
fibres due to external tensile load. (e) Schematic showing 3D fibre plane tilting 
due to external tensile load. (f) Scanning electron micrograph showing the 
plywood structure of In-plane chitin fibres is interrupted by the out-of-plane 
fibres running through the pore-canal system in the cuticle. 
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Figure A.2 - Ewald construction for (110) and (002) reflections in 2D and 
3D. (a) Two-dimensional drawing of Ewald sphere construction with the 
reciprocal space intensity spheres for (110) and (002), denoted QS(110) and 
QS(002) respectively. The length of AC=AO is 2π/λ. Point C and B are located 
on the intersection ring between Ewald sphere and QS(110), QS(002) 
respectively. OC indicates the scattering vector q for (110) reflection, and OB 
the scattering vector for (002) reflection. (b) Three-dimensional rendering of the 
geometry in (a), showing the Ewald sphere intersection with QS(110) and 
QS(002) in 3D.  The uniform initial fibre distribution in the Bouligand layer leads 
to a uniform band of (002) diffraction intensity in the vertical plane (red-orange 
in the figure). 
 
 
Figure A.3 - Linear transformation matrix between body-fixed frame and 
Lab-fixed frame. (a) Schematic plot showing a fibre plane is tilted in 3D in the 
Lab-fixed frame (yellow) while the plane is fixed in its body-fixed coordinate 
system (blue). (b-c) Schematic plot showing α (b) tilt and β (c) tilt of the body-
fixed coordinate system from the body-fixed coordinate system. 
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The linear transformation matrix which translates coordinates ( , ,
B B B
x y zq q q
qx
L, qy
L, qz
L) from body-fixed frame into laboratory-fixed coordinates (
L
z
L
y
L
x qqq ,,
qx
L, qy
L, qz
L) can be expressed by the Equation 91. 
 
 
         
   
         
cos cos sin cos sin
sin cos 0
cos sin sin sin cos
L B
x x
L B
y y
L B
z z
q q
q q
q q
    
 
    
    
    
    
        
    (91) 
 
C. X-ray diffraction model functions 
This Appendix provides further information on the experimental work described 
in Chapter 5 and performed by Dr. Himadri Gupta and Dr. Yi Zhang.  
 
The following Equations 92-109 describe the functions and equations used for 
the X-ray diffraction method (Table A.1). 
I: Delta functions (without 3D tilt): 
In the formulae following, the diffraction intensity of rings or spots on the reciprocal 
spheres was modelled using peaked Gaussians which approach Dirac -functions as 
  0002  xq  (Bender and Orszag 1999). In the following, the angle  refers to the 
angle of the fibre in the qy-qz plane of Figure 5.4 (main text). The Bouligand lamellar 
unit lies in that plane, so a fibre at angle  refers to the fibres in the sublamella 
(lamina) inclined at an angle  in the Bouligand unit. In the L2 geometry,  is replaced 
by  (Equation 97). In evaluating the asymptotic limit to the integral, the relation 
(f(x)) = (x)/f’(x0) with x0 a root of the function f(x) is also used, which accounts for 
the denominator in some of the terms. 
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Configurat
ion 
Reflecti
on 
Function 
L1 110   
2
1
110
(110)(110)
cos sin1 1
exp
22
y zL
q q
qq
 


  
          (92)
      
L1 002 
              
 
2
(002)(002)
1
002 2
2
(002)
1 1
exp
22
( )
x
L
x
q
qq
q q


  
        

   (93)      
L2 110 
2
2
(110)
(110)(110)
cos sin1 1
exp
22
y xL
q q
qq
 


  
         
     (94) 
L2 002 
          
 
2
(002)(002)
2
002 2
2
(002)
1 1
exp
22
( )
z
L
z
q
qq
q q


  
        

(95)
              
II: Weight functions for the fibre distribution before mechanical loading:.  
The weight functions will change on mechanical loading. The changes of weight 
functions and I(χ) with the tissue strain (εT) for (002) reflection under L1 configuration 
are described later in Appendix E). 
Configurat
ion 
Fibre 
group 
Function    
L1 IP                                          w0 = 1/                            (96) 
L1 OP  
2
0
0 0
00
1 1
; , exp
22
w
 
  
 
  
     
    
       (97) 
L2 IP  
2
1 1
; , exp
22
IP
IP IP
IPIP
w
 
  
 
  
     
    
      (98) 
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L2 OP  
2
1 1
; , exp
22
OP
OP OP
OPOP
w
 
  
 
  
     
    
    (99) 
III: Coordinates on the intersection ring 
Reflection Function 
        110 
2
(110)110
( )2
x
ES
q
q
q
   
  (110)110 ( ) (110) ( ) (110)
( )
2 2 sin
2
y ES ES
ES
q
q q q q q
q
     (100) 
  (110)110 ( ) (110) ( ) (110)
( )
2 2 cos
2
z ES ES
ES
q
q q q q q
q
    
002 
2
(002)002
( )2
x
ES
q
q
q
   
  (002)002 ( ) (002) ( ) (002)
( )
2 2 sin
2
y ES ES
ES
q
q q q q q
q
    (101) 
  (002)002 ( ) (002) ( ) (002)
( )
2 2 cos
2
z ES ES
ES
q
q q q q q
q
         
IV: Delta functions with 3D tilt 
   
   
1
(110)110
2
(110)(110)
, , ; , , ,
sin cos cos cos sin sin sin cos sin1 1
exp
22
L
x y z
x y x y z
q q q q
q q q q q
qq
   
        

 
      
  
      
 
(102)  
      
   
 
1
(002)002
2
(002)(002)
2
2
(002)
, , ; , , ,
cos cos sin cos sin1
exp
2
( cos cos sin cos sin )
L
x y z
x y z
x y z
q q q q
q q q
qq
q q q q
   
    

    
 
   
       
  
                  (103) 
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 
   
2
(110) (110)
2
(110)(110)
, , ; , , ,
cos sin cos cos sin sin cos sin sin1 1
exp
22
L
x y z
y z x y z
q q q q
q q q q q
qq
   
        

 
      
  
      
 
(104) 
       
   
 
2
(002)002
2
(002)(002)
2
2
(002)
, , ; , , ,
sin sin cos cos cos1
exp
2
( sin sin cos cos cos )
L
x y z
x y z
x y z
q q q q
q q q
qq
q q q q
   
    

    
 
   
       
  
                  (105) 
V: Intensity distribution on the intersection ring (I(χ)): 
The measured intensity is the integral of the diffraction intensities of each fibre 
weighted by the fibre orientation distribution. 
Configurat
ion 
Reflecti
on 
Function 
L1 110  
1 1 110 110 1102
110( ) 0 (110) (110)
2
1 110 110 1102
0 (110) (110)
2
( , , ; , , , )
; , ( , , ; , , , )
L L
IP x y z IP IP
L
OP x y z OP OP
I w q q q q d
w q q q q d




     
        


   
  


  
(106) 
L1 002 
 
1 1 002 002 0022
002( ) 0 (002) (002)
2
1 002 002 0022
0 (002) (002)
2
( , , ; , , , )
; , ( , , ; , , , )
L L
IP x y z IP IP
L
OP x y z OP OP
I w q q q q d
w q q q q d




     
        


   
  


(107)
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L2 110 
 
 
2 2 110 110 1102
110( ) (110) (110)
2
2 110 110 1102
(110) (110)
2
; , ( , , ; , , , )
; , ( , , ; , , , )
L L
IP IP IP x y z IP IP
L
OP OP OP x y z OP OP
I w q q q q d
w q q q q d




        
        


   
   


 (108) 
L2 002 
 
 
2 2 002 002 0022
002( ) (002) (002)
2
2 002 002 0022
(002) (002)
2
; , ( , , ; , , , )
; , ( , , ; , , , )
L L
IP IP IP x y z IP IP
L
OP OP OP x y z OP OP
I w q q q q d
w q q q q d




        
        


   
   


 (109) 
VI: Symbol definitions: 
γ: The fibre orientation respect to the 
L
zq axis in the lab coordinate system;   
λIP: scaling factor proportional to amount of in-plane (IP) fibres in the scattering 
volume;  
λOP: scaling factor proportional to amount of out-of-plane (OP) fibres in the scattering 
volume; 
q(ES): The radius of Ewald sphere 2/ (AC in Figure A.2a);  
q(002): The radius of QS(002) sphere (OB in Figure A.2a);  
q(110): The radius of QS(110) sphere (OC in Figure A.2a) 
Table A.1 - Mathematical functions for intensity distributions on the 
QS(110) and QS(002) spheres and the corresponding intersection rings. 
 
 
 
D. Calculation of changed orientation function (in-plane) upon fibre 
reorientation 
Consider a small angular sector of fibres (e.g. within one lamina). The number 
of fibres is w() (up to normalization constants). Under deformation, this 
sector moves to a new angular position  and also changes in width  (e.g. 
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under tensile load,  will move closer to loading direction and the width will 
reduce). Most importantly, the fibre distribution will also change from w() to 
w(). Therefore, as no fibres are created or destroyed, Equation 110 is 
obtained. 
       ww         (110)
  
As the change in angle is expected to be proportional (to first order) to the 
perturbing parameter (stress), Equation 111 can be written. 
 
  f
~          (111) 
 
f() is an a priori unknown function and the stress variable was scaled by a large 
parameter (100 MPa that is a value close to the maximum applied stress) to 
obtain a dimensionless stress parameter )(
~
0

  .    
Then I can substitute in Equation 110 to get, using first order perturbation 
expansions (Bender and Orszag 1999) (Equation 112). 
         
    







d
wfd
w
d
df
w
d
dw
fww ~~ 





    (112)  
In cuticle, I start with a uniform fibril distribution w()=w0=1/ to get Equation 
113. 
  








d
df
ww ~10         (113)  
From the lamination theory Equation 114 can be found. 
 
2 2( 2cos sin 2cos sin cos sin )
( )
2
x y xy xy
f
       

   
             (114) 
 
Simplifying the Equation 114 I obtain Equation 115. 
 
 2sin2cos)( BAf           (115) 
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where 𝐴 =
𝛾𝑥𝑦
2
 and 
( )
2
y x
B
 
  are constants depending on the material 
parameters of the chitin, mineral and protein components of the cuticle. Using 
this form, the final result is obtained (Equation 116). 
 
     2cos2sin
~210 BAww         (116) 
 
It is possible to show from Equation 115 that the element in the matrix A-1 
which couples the laminate shear strain γxy and the applied uniaxial load Nx is 
null. Hence, A = 0 while B = -2.2810-3  ?̃? [no units]. Figure A.4 shows a 
comparison between experimental and analytical calculations of Δw = wσ – w0. 
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Figure A. 4 - Angular-resolved experimental and analytically calculated 
I(ψ) changes with respect to tensile stress. a) The normalised diffraction 
intensity w(I(ψ)) changes with respect to the tensile stress. The use of w(I(ψ)) 
instead of I(ψ) is to factor out the overall diffraction intensity changes due to the 
radiation damage during the tensile test. Note the angular-resolved I(ψ) values 
are obtained from radial integration in each azimuthal sectors (angular width 
10, center at χ=90-ψ) of the (002) reflection ring. b) The simulated normalised 
diffraction intensity w(I(ψ)) changes merely due to in-plane reorientation with 
respect to the tensile stress (zoom from figure a). 
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E. Johnson-Cook material and failure model 
The Johnson-Cook is a particular model of isotropic hardening that assumes the 
plastic flow stress to be in the form reported in Equation 117, where ?̅? is the 
Von Mises stress, A, B, n, m and C are material parameters that need to be 
calibrated from experiment, 𝜀?̅?𝑙 is the equivalent plastic strain, 𝜀̅̇ is the 
equivalent plastic strain rate and 𝜀0̇ is the reference strain rate assumed to be 1 
(Johnson and Cook 1983). 
  
˙
0
ˆ1 ln 1
pln m
plA B C

  

 
      
  
 
  (117) 
   
𝜃 is the non-dimensional temperature defined as in Equations 118, where 𝜃 is 
the current temperature, 𝜃𝑚𝑒𝑙𝑡 is the melting temperature and 𝜃𝑡𝑟𝑎𝑛𝑠 is the 
transition temperature, defined as the one at or below which the flow stress 
stops depending on the temperature. 
 
0
    
                  
1
ˆ     
 
trans
trans
trans melt
melt trans
melt
for
for
for
 
 
   
 
 


 
   
  


  (118) 
   
All the Johnson-Cook parameters and material properties are listed in Table 
A.2, as reported in a previous paper (Mabrouki, Girardin et al. 2008). 
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A 
[GPa] 
B 
[GPa] 
n m C 
Density 
[Kg/m3] 
Elastic 
Modulus 
[GPa] 
Poisson’s 
ratio 
𝛉 
melt 
[°C] 
𝛉 
trans 
[°C] 
0.352 0.440 0.42 1 0.0083 2700 74.5 0.33 520 25 
Table A. 2 - Johnson-Cook parameters and material properties used to 
simulate the behaviour of A2024-T351. 
 
To simulate the damage phenomenon, it was necessary to introduce the 
Johnson-Cook damage model. In detail it was defined the equivalent plastic 
strain at the onset of the damage 𝜀𝐷̅̅ ̅
𝑝𝑙 (Equation 119). 
 
   3
˙
1 2 4 5
0
1 1
pl
pl d
D d d e d ln d
 
 


  
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  (119) 
   
The failure parameters d1, d2, d3, d4, d5, listed in Table A.3, are material-
dependent and are extrapolated from a previous paper (Mabrouki, Girardin et 
al. 2008). 𝜂 = −𝑝/𝑞 is the stress triaxiality, where p is the pressure stress and q 
is the Von Mises equivalent stress.  
 
d1 d2 d3 d4 d5 
0.13 0.13 1.5 0.011 0 
Table A. 3 - Damage parameters describing the onset of the damage for 
the aluminium A2024-T351. 
 
By imposing a null value for d5, the physics of the problem was simplified and no 
temperature effects on the onset of damage were assumed. Equation 119  
differs from the original formula (Johnson and Cook 1985) in the sign of the 
parameter d3 for the fact that most of materials experience a decrease 
in 𝜀𝐷
𝑝𝑙 with increasing stress triaxiality (Hibbett, Karlsson et al. 1998): ductility at 
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failure and triaxiality are nonlinearly inversely proportional (Hancock and 
Mackenzie 1976, Bonora 1997). 
The damage process initiates when the following criterion is satisfied (Equation 
120), where 𝜔𝐷 is the state variable that increases monotonically with plastic 
deformation. 
    1    
pl
D pl
D
d


      (120)  
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